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ABSTRACT 
The work presented in this thesis was performed in support of a NASA STTR Phase I 
program aimed to improve the overall system technology readiness level of a distributed electric 
propulsion (DEP) based control system.  The primary objectives of this work were to 
experimentally characterize the propulsion-airframe interactions inherent to DEP vehicles to aid 
in modeling and to explore and validate the use of DEP to perform vehicle-level flight control.  A 
Cirrus SR22-T was chosen as a suitable airframe for DEP modifications and a 21% radio-
controlled model was constructed and instrumented with a full data acquisition and flight control 
system to command and capture the aircraft’s state during flight.  The baseline configuration of 
the Cirrus model was successfully flight tested to perform system identification multi-sine 
maneuvers, which were used in the creation and refinement of a high-fidelity flight dynamics 
model.  Plans for a dynamically-scaled variant of this configuration were developed with weight 
and inertial scaling targets within 5% of the ideal values.  For the DEP modifications, an extensive 
system engineering study was performed to balance weight, structure, power, electronics, 
aerodynamics and control requirements.  A final design featuring a total of eight electric ducted 
fans located in two groups of four on the upper trailing edge of the left and right wing was selected.  
Wind tunnel testing of the selected electric ducted fans was conducted to validate thrust and 
temperature performance.  A new set of wings were designed and constructed to mount the 
propulsors and integrate with the existing Cirrus model requiring minimal changes to the baseline 
design.  A test stand mimicking the DEP wing was developed to safely test the entire propulsion 
system on the ground and provide preliminary analysis of implemented control maneuvers.  
Successful flight testing of the DEP vehicle is expected to validate the overall design and 
implementation of DEP-based control.  Last, a study was performed to investigate the feasibility 
of scaling up the subscale DEP research vehicle to a limited range, full-size equivalent Cirrus 
SR22-T with DEP modifications using current hardware. 
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CHAPTER 1  
Introduction 
This chapter provides a brief introduction to the field of electric aircraft, related aerodynamics and 
an overview of the driving considerations in regards to the design and testing of a subscale aircraft 
testbed.  Sufficient history and background of previous work related to this study is detailed to 
provide the reader with a solid foundation into the governing concepts and the motivation behind 
the primary goals. 
 
1.1 Background and Literature Review 
1.1.1 Electric Aircraft 
At the onset of the 21st century, NASA released a set of quantifiable goals governing the 
fuel burn, noise levels, emissions and field length of commercial subsonic aircraft in an effort to 
focus research and development of next generation vehicles as shown in Table 1.  While the lower 
tier goals of N+1 and N+2 could be met with incremental improvements to current aircraft 
technology, to meet the more stringent goals of N+3, the use and integration of new technology in 
aircraft designs was required.  The either partial or full replacement of standard combustion 
engines with electric motors was identified as one of the most viable ways to achieve the emission 
and fuel burn objectives.  This has led to the design and analysis of numerous new hybrid and all-
electric aircraft configurations that take advantage of this alternative propulsion system.    
Table 1.  NASA's N+ subsonic transport goals1 
Parameters N+1 (2015) N+2 (2020) N+3 (2025+) 
Noise -32 dB -42 dB -71 dB 
LTO NOx Emissions -60% -75% Better than -75% 
Aircraft Fuel Burn -33% -50% Better than -70% 
Field Length -33% -50% metroplex runways 
Besides the increases in efficiency and reduction in emissions, there are several other key 
benefits of electric propulsion.  First, the electric motors used offer a wide range of advantages 
over their combustion counterparts including compact, scale-free sizing, higher power to weight 
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densities, relatively low control input lag rates and being non-air breathing, which leads to no lapse 
in power with altitude2.  Of these aspects, perhaps the most important for the purposes of this study 
is the relative ease at which electric motors can be scaled up or down.  This means the one, two or 
four large engine propulsions systems, which have historically been the most common transport 
configurations for the past 50 years, can be replaced with several smaller electric propulsion units 
or propulsors.  This has led to a new branch of aircraft configurations using what has been termed 
distributed electric propulsion (DEP) techniques.  The smaller and more compact size of these 
propulsors allows them to be integrated into the vehicle structure in new and unique ways to exploit 
additional efficiency improvements.  One example of this is the strategic sizing and placement of 
small propulsors in a close proximity to aerodynamic components such as wings, tail, control 
surfaces or fuselage surfaces.  This can lead to a close coupling between aerodynamics and 
propulsion performance of the vehicle, which has been termed propulsion-airframe interaction 
(PAI) effects.  These effects can be further subdivided into the following categories: drag 
reduction, boundary layer ingestions (BLI) and lift/control enhancement3.  This work focuses on 
the two latter of these three each of which are introduced in more detail in the following sections. 
1.1.2 Boundary Layer Ingestion 
As mentioned above, one of the potential benefits of specific DEP configurations is 
boundary layer ingestion.  This has been a topic of extensive research with numerous parameters 
and aircraft configurations being investigated.  By placing a propulsor such that the lower 
momentum air from the boundary layer is ingested, the change in kinetic energy across the 
propulsor required to produce the same change in velocity decreases, which effectively increases 
the propulsive efficiency of the system4.  A simple graphic of a conventional transport with tail 
mounted BLI propulsor illustrates this concept qualitatively showing the difference in kinetic 
energy wakes.    
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Figure 1.  Qualitative comparison between wake of aircraft with and without BLI5. 
Comparative studies have estimated that the increased propulsive efficiency from the 
application of BLI techniques can lead to a power savings anywhere between 6% to 20%6,7 or fuel 
burn decrease ranging from 3% to 10%8,9.  These reported values are highly dependent on the 
configuration and placement of the propulsors as integration aspects can lead to increases or 
decreases in drag or weight at the full vehicle system level.  There are some notable challenges 
associated with the implementation of BLI configurations, however.  First, the interaction of the 
boundary layer at the face of the inlet can lead to an effect called inlet distortion which has the 
potential to generate damaging vibrations leading to fan blade and engine component fatigue and 
ultimately failure10.  Second, the PAI effects can lead to changes in the sectional lift and moment.  
When propulsors are placed side-by-side and integrated onto a surface, the inlet capture area of 
each fan is constrained, which can lead to a number of effects including spillage-induced blockage 
and shifting stagnation point when uniform thrust or mass flow changes occur.  The varying of 
individual fan thrust can further complicate this as each fan can directly influence the performance 
of its neighbors11.  
The goal of this current study was not to specifically analyze the effects of BLI in terms of 
efficiency improvements as significant work has already been done as illustrated above.  Instead, 
one of the primary objectives was proving the feasibility of BLI propulsors and experimentally 
characterizing any PAI effects in real-world representative flight conditions to improve dynamic 
modelling efforts.  This included furthering the development of existing tools and methodologies 
required to effectively design a DEP aircraft with BLI effects18,51.  
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1.1.3 Propulsive Control 
While the use of traditional turbofan/turbojet engines for the specific purpose of controlling 
a vehicle through differential thrust has been investigated12 and in some instances, even put into 
practice as was the case for the emergency crash landing of a DC-10 aircraft in 198913, studies 
have shown that while it is theoretically possible, the lag rate between the commanded thrust and 
actual thrust was ultimately deemed too great to be utilized safely for standard flight controls 
without an autonomous flight system14.  However, with the switch to electrically powered 
propulsion units, this issue is sufficiently addressed with greatly reduced response times.  This 
opens up the possibility for DEP-based propulsive control, which could be used to not only provide 
directional control of the aircraft but also control of local aerodynamics through PAI effects. 
A number of works have explored the benefits of DEP-based control.  First, this propulsive 
control could be used to effectively reduce the size or eliminate all together traditional control 
surfaces on an aircraft which could potentially lead to weight reductions in structure or 
components15,16.  A specific example of this is the tail/empennage design of traditional aircraft.  
The sizing of a tail is typically dictated by the yaw forces required to maintain forward flight in 
the event of an engine-out situation.  If the vehicle is instead using a robust DEP system with 
twelve individual propulsors instead of the common two, the yaw requirements in the case of an 
engine out situation would be significantly reduced.  This would drive down the tail sizing 
requirements leading to structure weight savings and a potentially more efficient vehicle.  This 
example highlights the second benefit of DEP-based control which is improved redundancy.  With 
an increased total number of propulsors, a DEP vehicle is more resilient to engine-out situation as 
each propulsor is responsible for only a small fraction of the total thrust produced. 
While several aircraft such as the GL-10, LightningStrike and Lilium Jet have 
demonstrated the use of propulsive flight control, limited work has been done on the development 
of corresponding flight models and controllers that enable designers to incorporate this feature 
easily into new aircraft configurations.  This formed the basis for one of primary objectives of the 
program towards developing a more generalized understanding of how to integrate and apply DEP-
based control and associated PAI effects into the design, analysis and eventual flight of new DEP 
configurations. 
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1.1.4 Current Configurations 
At this point, it is helpful to provide a brief summary of previous and current fixed wing 
DEP designs that have been investigated and an explanation of terminology.  Table 2 provides a 
list of these designs along with their primary defining characteristics.   
Table 2.  DEP fixed wing aircraft designs17 
Designer,  
Name 
Configuration 
Payload 
(passengers) 
Propulsor Type 
Type Number Location 
NASA,  
GL-10 
Conventional, high 
wing, hybrid electric 
N/A 
Open 
prop 
10  
(8 wing, 2 
tail) 
Leading 
edge (LE) 
Aurora Flight 
Sciences, XV-24 
LightningStrike 
Multi-wing, hybrid 
electric 
Unknown 
Ducted 
fan 
24  
(18 wing, 6 
canard) 
Embedded 
NASA, 
X-57 Maxwell 
Conventional, high 
wing, electric 
2 
Open 
prop 
14  
(12 wing, 2 
wing tip) 
LE 
Airbus, 
E-Thrust 
Conventional, low 
wing, hybrid electric 
Unknown 
Ducted 
fan 
7  
(6 wing, 1 
fuselage) 
Upper 
trailing 
edge (TE) 
MIT, 
H3.1 
Blended wing, 
hybrid electric 
354 
Ducted 
fan 
23 Upper TE 
NASA, 
N3-X 
Blended wing, 
hybrid electric 
300 
Ducted 
fan 
14 Upper TE 
ESAero,  
Eco-150 
Conventional, low 
wing, hybrid electric 
150 
Ducted 
fan 
16  
Embedded 
split wing 
Onera, 
AMPERE 
Conventional, high 
wing, hybrid electric 
4-6 
Ducted 
fan 
40 Upper LE 
Airbus,  
Vahana 
Multi-wing, electric 1 
Open 
prop 
8  
(4 wing, 4 
canard) 
LE 
Lilium, 
Lilium jet 
Multi-wing, electric 1 
Ducted 
fan 
36  
(24 wing, 
12 canard) 
Upper TE 
Joby, 
S2 
Conventional, 
electric 
1 
Open 
prop 
12  
(8 wing, 4 
tail) 
LE 
While the list above spans a range of aircraft sizes from single-seat to commercial and 
configurations from blended wing to multi-wing, all feature 6 or more propulsors to generate the 
required thrust for flight.  One key distinction to make between the designs is the power supply.  
Due to the energy density of current battery technology hovering around 200 Wh/kg which is 
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drastically lower in comparison to the 12,500 Wh/kg of jet fuel, all configurations with more than 
two passengers utilize a hybrid electric system.  These systems typically employ one or more 
turboelectric generators which are used to produce power and charge the batteries versus an all-
electric system which would rely solely on battery power during flight.  Figure 2 shows the 
breakdown of propulsor design choices for DEP vehicles.  The graphic illustrates the relation 
between the location and type of propulsor.  While all of the designs featuring open propellers 
were located at the LE due to lift generation benefits and integration constraints, the enclosed 
nature of ducted fans allowed them to be placed in a greater variety of locations.  Another 
interesting observation from the data is that all of the larger aircraft configurations designed to 
operate at higher altitudes and transonic speeds for improved efficiency feature ducted fan 
propulsors.  This is driven by the limitation of open propellers not being able to operate at transonic 
speeds due to fan blade tip speeds exceeding the speed of sound, leading to significant 
compressibility losses.  With ducted fans, this issue can be avoided by introducing a diffusing s-
duct to reduce the incoming velocity keeping fan tip speeds subsonic18. 
   
Figure 2.  Graphic of DEP propulsor design choices: (inner ring) type, (outer ring) location. 
In an attempt to align more closely with the long term goals of N+3, based on the reasons 
detailed above and the other programmatic goals of studying BLI and propulsive control, this 
current study was limited to only configurations with trailing edge, over-wing ducted fans, which 
were determined to be more feasible for a larger scale transonic commercial transport.  In addition 
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to those advantages already mentioned, there are several other benefits that this propulsion type 
and location offer.  Being located on the upper surface of the wing, the forward wing structure 
provides inherent acoustic shield during the flyover or approach section of flight leading to an 
overall noise reduction.  This reduction can be further increased by the incorporation of trailing 
edge surfaces behind the fans, which can offer more shielding for the aft radiated noise as well as 
potential benefits of augmented lift due to blown surface effects19.  This trailing edge placement 
also provides the opportunity to design articulating nozzles for thrust vectoring which could be 
used to directly replace or augment control surfaces17.   
1.1.5 Dynamically Scaled Aircraft 
In order experimentally test any DEP vehicle control aspects in a real-world environment, 
two options exist.  The first would require the use of a wind tunnel large enough to test a scaled 
variant of the vehicle.  This approach presents multiple challenges, with the main one being the 
limited availability of such a large tunnel which is often restricted to industry research or larger 
programs.  The alternative is the development of a free-flying testbed aircraft representative of its 
full-size equivalent.  This can be accomplished through the concept of dynamic scaling which has 
been extensively studied by NASA20.  If a number of similitude parameters, such as geometry and 
Froude number can be matched, a dynamically scaled aircraft can effectively simulate the 
performance, aerodynamic properties, and flight dynamics of a full-size equivalent.  This then 
allows the subscale aircraft to be flight tested such that system identification processes can be 
applied to characterize the given vehicle. While different techniques exist, the basic process of 
system identification works by exciting the aircraft through a series of known control inputs and 
then measuring the dynamic response of the aircraft.  While early studies limited these pilot inputs 
to a specific control surface such as an elevator doublet21,22, newer techniques and control 
architectures have been developed which allow for the specific excitation of multiple control 
surfaces simultaneously.  These maneuvers termed multi-sines are specifically tailored in 
amplitude and frequency to each vehicle which allows for low output responses and high signal-
to-noise ratios.  Figure 3 provides an example of what a typical multi-sine maneuver looks like 
along with the in-flight vehicle response that was collected during the F-15 ACTIVE program.  
During the post processing analysis, the governing dynamic equations can be applied, and, as 
shown in Figure 4 a full range of aerodynamic coefficients can be calculated28. 
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Figure 3.  (left) Multi-sine control surface inputs (right) Collected dynamic responses 
during maneuver28. 
 
Figure 4.  Example of estimated lateral/directional parameters from F-15 ACTIVE system 
identification program28. 
 
This technique has been used extensively by NASA and others to economically test large, 
expensive aircraft or safely test experimental designs.  While early dynamically scaled aircraft 
were challenging to manufacture and instrument, the advent of smaller, faster electronics driven 
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by advancements in the unmanned aerial vehicle (UAV) industry has helped reduced the 
complexity of outfitting an R/C model for research while still meeting the scaling targets with a 
relatively small airframe. 
Due to the systems engineering challenges that exists from the blend of requirements, the 
number of dynamically scaled vehicles that have been successfully built and flight tested is limited.  
On the larger end of scaled vehicles, NASA developed the AirSTAR generic transport model 
(GTM) testbed under the NASA Aviation Safety and Security program as a way to validate high 
risk technologies such as adaptive guidance and control algorithms and characterization of upset 
conditions.  Modeled after a full-scale transport aircraft similar in size to a Boeing 757-200, the 
5.5% scale vehicle with an 82 in. wingspan was full outfitted to perform real-time state estimation 
required for control and system identification purposes23,24,25.  Another large scaled aircraft is the 
8.5% scale X-48B developed by Boeing and NASA Langley to better characterize the flight 
stability of blended wing body (BWB) configurations26.  This work improved upon previous flight 
testing efforts of using short-duration excitation maneuvers on various full-size experimental 
vehicles such as the X-43A and NF-15B.  These maneuvers were initially created to significantly 
reduce the flight testing time required to characterize a vehicle, which was critical for the single-
use X-43A with flight times of less than 10 minutes27,28.  This work helped form the basis of the 
method used during this STTR program.  In addition, dynamic scaling has not been limited to 
commercial aircraft.  The McDonnell Douglas X-36 was a dynamically scaled down version of an 
experimental air combat vehicle which was instrumental in the development of real-time frequency 
response techniques29. 
The remaining aircraft that have been developed fall into the smaller size category of 
general aviation.  In 2008, the University of Arizona constructed and tested a 1/5th scale of an 
Aeromot 200S Super Ximango making it one of the first known aircraft outside of NASA and 
industry to be dynamically scaled30.  Another aircraft currently in development at the University 
of Illinois at Urbana-Champaign (UIUC), is the GA-USTAR, which is a 20% scale Cessna 182.  
Developed to investigate the stall/post-stall regime of general aviation aircraft, the subscale model 
will feature full dynamic scaling including the design and integration of new airfoils to correct for 
Reynolds number effects31.  Table 3 provides a summary overview of the aircraft mentioned above 
including their primary physical properties.  This information helped set the bounds and constraints 
of feasible configurations during the aircraft selection process. 
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Table 3.  Recent subscale research aircraft 
Designer,  
Name 
Scale 
Wingspan 
[in] 
Length 
[in] 
Weight 
[lbs.] 
Airspeed 
[mph] 
Altitude 
[ft] 
Dynamically Scaled 
NASA, 
AirSTAR GTM 
5.5% 82 96 49.6 75 1000 
Boeing, 
X-48B 
8.5% 252 - 525 136 10000 
McDonnell Douglas, 
X-36 
28% 124 219 1250 234 20500 
UIUC, 
GA-USTAR 
20% 81 64 23.4 72 350 
University of Arizona, 
Aeromot Ximango 
20% 138 62 19.09 53 2100 
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CHAPTER 2  
Baseline Vehicle Development 
This chapter focuses solely on the development of the Cirrus SR22-T baseline vehicle used over 
the course of the program.  The following content is laid out in chronological order starting with 
the selection of the baseline vehicle and moving through the construction and modification process 
required to convert it into a fully outfitted research testbed.  This work set the foundation for the 
DEP vehicle design and subsequent testing, which is detailed in Chapter 3.  The testing 
methodology and dynamic scaling process is also covered in the latter sections of this chapter but 
analysis of collected baseline flight test data is presented in Chapter 4. 
2.1 Aircraft Selection 
In order to effectively utilize a subscale test aircraft to model the PAI effects that can be 
expected for a full-scale aircraft, the research vehicle must retain flight dynamic characteristics 
that represent the scaled responses that would be provided by a full-scale vehicle.  To preserve 
these dynamics, the traditional scaling factors in Table 4 were used to provide a baseline starting 
point for the vehicle selection.  Only incompressible scaling factors were considered in this study 
due to the expected Mach numbers for the model being well below the 0.3 threshold.  Of these 
factors, the most challenging to match are those related to weight and moments of inertia, due to 
the exponential sensitivity on the scale factor.  Hobbyist-grade radio controlled (R/C) aircraft 
typically strive for reduced weight to increase vehicle flight time, which leads to aircraft that are 
significantly lighter than those that would correspond to a dynamically scaled equivalent. 
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Table 4.  Incompressible scale factors32,* 
Linear dimension n 
Relative density [m/L3] 1 
Froude number [V2/Lg] 1 
Angle of attack 1 
Linear acceleration 1 
Weight, mass n3/ 
Moment of inertia n5/ 
Linear velocity n1/2 
Angular velocity 1/n1/2 
Time n1/2 
Reynolds number [VL/] n1.5/o 
Initially, a wide range of aircraft were investigated as potential candidates.  However, when 
the appropriate scaling factors were applied, any full-scale aircraft which used turbojet or turbofan 
propulsion had a scaled cruise speed in excess of 120 mph.  While hobby-grade jet engines such 
as the ones sold by JetCat do exist and would be capable of the necessary thrust for these speeds, 
this would have led to increased risk and safety concerns during the flight test phase.  For this 
reason, the list was narrowed down to aircraft whose cruise speed fell below an 80 mph threshold.  
The remaining candidates were a mix of single and twin propeller general aviation aircraft and 
small turboprop business aircraft with payload capacities ranging from 4 to 15 passengers.  To 
continue refining the collection of candidate platforms, a separate list of available commercial-off-
the-shelf (COTS) R/C kits was compiled.  This was done to determine if there were scaled models 
of the remaining aircraft that could be used for the base frame, thus driving down the overall cost 
and schedule of the program by avoiding having to develop a custom airframe to match the scaled 
linear dimensions of one of the candidates.  This substantially narrowed down the list and by 
considering other factors such as: ensuring adequate internal fuselage volume for the data 
acquisition and flight control systems, vehicle applicability for potential N+3 designs, electric 
motor mounting capability to reduce vehicle vibrations, sufficient wing surface area for 
modifications, and construction materials for fuselage and wings.  Three models were down 
                                                 
* Scale factors for rigid dynamics models tested at sea level.  Multiply full-scale values by the indicated scale factors 
to determine model values, where n is the ratio of model-to-full-scale dimensions,  is the ratio of air density to that 
at sea level (/o), and  is the value of kinematic viscosity. 
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selected after extensive review.  Using the provided ratio of model-to-full-scale dimensions, n, the 
actual scaled parameters of each aircraft were computed and are given in Table 5.   
Table 5.  R/C Model Comparison of Cirrus SR22-T, Cherokee 140, and King Air B-200 
(left to right)33,34 
  
Manufacturer Cirrus Piper Beechcraft 
Model SR22-T Cherokee 140 King Air B-200 
Configuration Conventional low 
wing, single 
engine 
Conventional 
low wing, 
single engine 
Conventional low 
wing, twin engine 
Passengers 4 4 15 
Scaling Factor 0.21 0.25 0.14 
   Angular Velocity 2.18 2.00 2.67 
   Reynolds Number (airfoil) 6.73E+05 6.81E+05 7.11E+05 
Length [in] 65.52 69.90 73.35 
Height [in] 22.48 21.90 25.20 
MTOW [lbs] 38.30 50.25 41.73 
Max Cruise Speed [mph] 70.11 71.00 77.83 
Wing 
Span [in] 96.59 90.00 91.56 
Chord [in] 9.56 15.30 9.91 
Surface Area [in2] 920.81 1440.00 855.19 
Loading [oz/ft2] 95.84 80.40 112.41 
*full aircraft scaled using maneuvering speed and altitude of 6562 ft 
All three of the finalists featured a conventional configuration with a low wing placement 
on the fuselage.  This was seen as advantageous for an eventual full-size commercial DEP 
equivalent as the low wing would provide easier engine access during servicing and an 
unobstructed cabin design as the wing box carry-through could be positioned beneath the floor of 
the aircraft.  While the Beechcraft King Air B-200 featured many favorable characteristics 
including a high passenger count, propulsors already mounted on the wing, and a T-tail out of 
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downwash effects from the wing, the size and weight led to potential scaling challenges, notably 
the high wing loading of 112 oz./ft.2 and the faster required flight speed of 78 mph.  These factors 
alone did not eliminate this vehicle from selection but upon closer inspection of the R/C kit, it was 
discovered the wing was built up into a left, right and center fuselage section, which would have 
made it difficult to simply replace the wings for a DEP configuration.  The remaining vehicles, the 
Cirrus SR22-T and the Piper Cherokee 140, represent two different sides of general aviation 
aircraft.  The full-size Cherokee 140, which was certified in 1960, represents the standard for 
general aviation aircraft featuring a large rectangular wing and simple aluminum construction.  The 
SR22-T on the other hand, certified in 2000, was engineered using newer technology including 
composites and CFD leading to a higher performance aircraft and is representative of 21st century 
aircraft design.  Even with the higher wing loading, the SR22-T was chosen over the Cherokee 
140 as it seemed like the better candidate looking ahead at a N+3 aircraft.  An added benefit of 
this selection was the availability of previous NASA research studies35, which have centered 
around the airframe. 
The Hangar 9 Cirrus model features a lightweight fiberglass monocoque fuselage and for 
the wings, a balsa and plywood rib and spar construction covered with a MonoKote balsa skin.  As 
an officially licensed 21% model by Cirrus, the model replicates the scale outline as well as 
contours of the full-size aircraft and this even includes smaller features such as the landing gear 
pants and aluminum spinner.  Given this scaling, the model also offered more than enough internal 
fuselage volume for electronics and batteries, and a sturdy plywood structure had already been 
integrated providing the majority of the required surface area for mounting.  In addition, the model 
was configured to be mounted with either a gas or electric motor avoiding the need to retrofit a 
solely gas-powered kit.  Images of the stock model are provided in Figure 5. 
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Figure 5.  Stock image of baseline Cirrus SR22-T model36. 
 
2.2 Baseline Model Construction and Modifications 
2.2.1 Fuselage, Wing and Tail Build-up 
Purchased as an Almost-Ready-to-Fly (ARF) kit, the Cirrus SR22-T by Hangar 9, utilized 
standard R/C building techniques.  While the original manual was followed during the buildup 
process, several key areas were identified as potential weak points in the design and modified 
accordingly.  First, since the vehicle would be faster and heavier than the kit was initially designed 
for, the aircraft control surface actuator servos needed to still be able to command the vehicle even 
with these increased aerodynamic loads acting upon them during flight.  The Futaba BLS171 and 
BLS173 were selected to actuate the ailerons/rudder and elevator, respectively, as the most suitable 
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choice given the volume constraints.  These servos featured increased torque of 53 oz.-in to 164 
oz.-in and 72 oz.-in to 106 oz.-in, over the recommended aileron/rudder and elevator servos, 
respectively, and operated at approximately double the speed at 0.10 sec/60 to allow for faster 
actuation.  Being digital programmable servos, this also opened up the option to use the S.bus2 
protocol, which is described in greater detail in Section 2.3.1. 
All of the provided control surface attachment hardware except for the fiberglass control 
horns was upgraded from the standard stock linkages to heavier duty equivalents.  For the aileron 
and elevator, Hangar 9 4-40 titanium push rods and Dubro heavy duty Kwik link clevises were 
used to improve the rigidity of the linkage system and provide a secure lock around the control 
arms.  For the rudder, the stock-provided pull-pull wire was replaced with nylon-coated Dubro 4-
40 wire and was connected to the servo arms using Secraft wire tensioners to allow for quick 
adjustments.  Another area seen as a potential failure point for the model was the landing gear.  
The original stock rear gear was split between a left and right design that featured two separate 
pieces of 3/16” thick bent steel fastened to the inner plywood section of the fuselage with 4 1/8” 
threaded bolts.  At the increased weight, there was concern that a hard landing on the rear gear 
would cause the plywood to break or the blind nuts to pull through.  To prevent this, a single 3/16” 
thick 2”12” steel bar was machined to connect the two separate gears within the fuselage and 
fasten down on either side using the same bolt hole patterns.   
To provide additional surface area for the mounting of electronics, a raised shelf was 
designed to fit in the cockpit area of the fuselage.  Sitting 2” above the plywood floor of the 
fuselage, this placement allowed for the main fuselage area between the access doors to remain 
unobstructed and still provided easy access to the electronics directly beneath.  This was also seen 
as a good future location to mount any on-board camera devices as they would have a clear view 
through the acrylic windshield.  The 1/8” plywood shelf was shaped to match the contour of the 
fore fuselage section and slotted mounts were 3-D printed and then epoxied to the fiberglass 
fuselage to allow the shelf to be easily removed for the modification of electronics.  Holes were 
drilled through the 3-D mounts and shelf such that bolts could be dropped into place to retain the 
shelf during flight.  For securely mounting the batteries and electronics such as receivers, antenna, 
and boards, heavy duty Velcro was placed at various locations along the main fuselage floor and 
along the sides and ceiling of the fuselage.  This method was deemed sufficiently strong to hold 
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the components in place during the relatively low rate maneuvers that were expected to be 
performed during flight testing.   
For the horizontal stabilizers, the recommended permanent method of epoxying the left 
and right side directly to the solid graphite tube was avoided to allow for later modifications such 
as the addition of new sensors to these surfaces.  Instead, a hollow carbon fiber tube of the same 
diameter was procured and cut to length.  A specially designed jig was manufactured to securely 
hold and position a single stabilizer and the wing tube such that a carefully measured through-hole 
could be drilled through both pieces consistently for the left and right sides.  Next, a small piece 
of balsa was shaped to fit in the internal diameter of the carbon fiber tube and mount a 1-64 blind 
nut along the axis of the drilled hole.  This was done on either side of the tube and epoxied into 
place to provide a secure method of fastening each stabilizer section to the wing tube by screwing 
in a 1-64 bolt from the underside of the wing. 
2.2.2 Propulsion and Power System 
In order to operate the heavier dynamically scaled Cirrus at the appropriate flight speed, 
the recommended stock propulsion system comprised of a Power 160, 10S battery pack and 80 
amps electronic speed controller (ESC) was replaced.  The final selection of upgraded components 
was identified through a series of requirements and system level trades, such that all components 
formed a feasible configuration.  First, an easy way to generate increased thrust was to increase 
the size of the propeller.  While the diameter was limited by the available ground clearance, the 
pitch or blade count of propeller could be increased.  Three blade propellers were considered but 
would have required replacing the provided stock two blade spinner.  In the end, the 19”12” APC 
thin electric composite propeller was selected to replace the original 18”10”, which still provided 
2” of ground clearance with a 20% increase in pitch.  Next, suitable motors capable of spinning 
this size of propeller were investigated.  This was done using a combination of manufacturer 
provided specifications and a hobby-grade performance calculation tool called eCalc37 which 
provided first order predictions of propulsion performance.  The list of potential combinations was 
narrowed down to several high-end brands such as AXi Model Motors and Hacker Motors and a 
sizing guideline from the R/C aircraft hobbyist community was used, which recommends a thrust 
to weight ratio of at least 0.5.  A Hacker A60-14L was selected for its similar Kv rating to the 
stock configuration, wide operating voltages and predicted performance.  This selection had the 
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added benefit of being directly compatible with an off-the-shelf Hacker motor aluminum mount 
framing system to allow for easy mounting to the Cirrus firewall.  While the frame offered a 
variable length, the motor was constrained from being placed too far forward due to contact with 
the nose fairing.  This required the motor to be set a little further back along the x-axis than the 
recommended stock motor system and the addition of aluminum spacers along the shaft were used 
to ensure the spinner cleared the nose fairing on the other side.  Figure 6 below shows an image of 
the assembled motor and mount. 
 
Figure 6.  Baseline propulsion setup. 
Next, the battery system was sized to provide a minimum of at least 10 minutes of mixed 
flight time to allow for multiple maneuvers in the pattern and landing attempts.  To maintain a 
conservative estimate of battery energy required during this initial sizing phase, all flight times 
were estimated using the maximum current draw of 80A.  Since weight was not viewed as a 
constraint, the decision was made to select a combination of 4S batteries that might be used by the 
future DEP configuration based on the preliminary sizing that had been conducted.  A trade study 
of available large capacity batteries was performed based on manufacturer provided specifications.  
While various battery chemistries besides lithium polymer (LiPo) were investigated, these were 
not deemed feasible for the current study, due to the extensive delivery times for the alternative 
systems.  The energy density of these LiPo batteries ranged from 140 Wh/kg on the low end to a 
max of 205 Wh/kg.  Three 4S 12,000 mAh Lumenier LiPo batteries were ultimately selected, 
which when connected in series powered the motor at 44.4 V (12S) and provided approximately 
12.3 minutes of mixed flight time.  Table 6 provides a summary for the key baseline performance 
parameters. 
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Table 6.  Baseline propulsion performance parameters 
Voltage [V] 44.4 
Power Output [W] 3340 
Thrust/Weight 0.91 
Current Draw [amps] 80 
Max Speed [mph] 80 
Mixed Flight Time [min] 12.3 
Last, with the motor, propeller and batteries selected, a corresponding ESC was chosen.  
The main requirement here was to ensure the ESC could provide an adequate safety margin for the 
maximum anticipated current draw from the motor of 80 amps and the operating voltage of 44.4V.  
Again, with many available products on the market, the decision came down to hobbyist 
recommendations and the extra features each offered.  The Castle Creations Phoenix Edge 120 
amps ESC was chosen, which included the ability to log a wide range of performance parameters 
during flight including voltage levels, mechanical RPM and current draw.  This capability provided 
an additional method for capturing system diagnostics and vehicle performance.  The ESC was 
mounted directly to the underside of the engine mounting frame assembly in the nose fairing in an 
effort to aid with cooling from the air intake.  The ESC power and ground wires along with the 3-
pin command wires were routed back into the fuselage by drilling a set of holes through the 
fiberglass section beside the firewall.  Instead of connecting the ESC directly to the batteries, an 
EMOCTEC safety power switch was introduced to provide a quick way to open the circuit from 
the batteries to the ESC without having to physically disconnect the batteries in the fuselage.  
Connected in series between the ESC and batteries, the switch acts as an easy way to stop the flow 
of current and has the added benefit of preventing sparking during battery connection.  To control 
the on/off switching, a separate magnetic “fuel cap” was mounted externally on top of the fuselage 
in the empennage section.  When the cap is inserted, no power is provided to the ESC and the 
system will only arm when the cap is removed before flight.  To provide a 12S source of power, 
the 3 4S batteries were connected in series to the safety power switch.  A splitter was 
manufacturer using 10 AWG and XT-190 connectors capable of safely carrying the high current 
of the system.  Care was taken to solder the male and female connectors in such a way to help 
prevent short circuiting the system and additional color-coded labels were added after an incident 
where the wires between batteries were reversed.  Figure 7 provides a simplified schematic of the 
propulsion configuration. 
 20 
 
Figure 7.  System diagram of propulsion setup and wiring. 
2.2.3 Sensors 
To fully capture the state of the aircraft and back out the dynamics, a host of sensors needed 
to be incorporated into the baseline vehicle.  One important quantity was the angular deflection of 
each control surface during flight.  While the commanded angle of the servo would be easy to 
record through any avionics architecture, due to the number of linkages between the servo and the 
control surface along with the aerodynamic forces acting on the surface, it was necessary to have 
an accurate, independent measurement of the control effector’s angle.  Several methods including 
piezoelectric strips and miniature inertial measurement units (IMUs) were investigated but simple 
analog potentiometers were selected due to the success of previous projects implementing the 
devices for this same task38.  The challenge with this method was simply the size of potentiometers 
and their required placement in areas with limited mounting space.  The TT Electronics 6127, 
single turn, non-contacting, Hull-effect sensor was chosen for its high resolution of 0.088 for 360 
of travel and relatively small size with a 7/8” diameter housing.  Unfortunately, as will be discussed 
in the Section 2.3.2, the data acquisition system for collecting the analog signals on-board was 
limited to 10-bit resolution, corresponding to 1024 counts across a 0-5 V range.  This meant the 
digitized resolution of the potentiometer was limited to 0.352 and during initial testing, this was 
discovered as not being adequate for tracking the small amplitude deflections of the multi-sine 
maneuver being utilized in the current study as shown in Figure 8.  Severe clipping of the signal 
is observed on all control surfaces (aileron, elevator and rudder) due to the limited number of 
available bins to store the measured voltage at the low magnitude. 
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Figure 8.  Measured control surface deflections from potentiometer. 
To correct this, a small single reduction 2:1 gearbox was designed to double the resolution 
of the potentiometer measurements.  While COTS options were investigated, there were no 
available gearboxes small enough or light enough to mount on the wing or horizontal stabilizer.  
3-D printing was identified as a potentially viable option with the primary challenge of this method 
being a limited printer resolution and tolerancing to ensure adequate teeth meshing.  The gears 
were sized such that the center to center distance between the large and small gears was minimized, 
and the large gear had a maximum diameter of 1” allowing for the overall assembly to still fit 
within the internal volume of the wing, near the control surfaces.  While decreasing the size and 
increasing the number of teeth per gear would lead to smaller gear diameters, these parameters 
were limited by the printer’s resolution capability.  After iterating several times with the help of 
online calculators39, a final ‘optimal’ design was converged upon with the key parameters for the 
small and large gear, termed pinion and gear, respectively, being provided in Table 7. 
 
 
 
 
 
 
multi-sine 
maneuver 
implemented 
t 
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Table 7.  Single reduction gear parameters 
 Pinion Gear 
Teeth 14 28 
Normal Pitch [1/in] 30 
Module [in] 0.0333 
Normal Pressure Angle [deg] 20 
Pitch Diameter [in] 0.467 0.933 
Outside Diameter [in] 0.533  1.000 
Inside Diameter [in] 0.383  
Center Distance [in] 0.700 
Circular Pitch [in] 0.1047 
Backlash [in] 0.003 
Tooth Thickness [in] 0.0509 
An online tool called Gear Generator40 was used to visualize the as-designed gear to 
validate that the selected parameters were feasible.  Next, the gears were drafted within 
SolidWorks.  The teeth profiles were modelled based on industry standards for simple involute 
gears.  The thickness of each tooth, 𝑡, was set using Equation 1 where 𝐶𝑃 is the calculated circular 
pitch and 𝐵 is the user defined backlash.  𝐵 was set to the recommended value of 0.003 inch based 
on the set diametric pitch of 30 teeth per inch. 
  𝑡 =
𝐶𝑃
2
−
𝐵
2
  (1) 
 Each gear featured a central cut out for a keyed shaft to prevent slipping once mounted.  
The pinion was mounted directly to the 1/8” diameter rotating shaft of the potentiometer and the 
larger was mounted on a secondary shaft located 0.7 inch away.  Along the same shaft as the larger 
gear, a control arm was designed to mimic that of the servo arm and provide a point of attachment 
for the linkages running to the control surface.  To securely hold and mount this assembly to the 
aircraft, a 1 mm thick housing was created to position the potentiometer and the secondary shaft.  
To provide free rotation of the secondary shaft, cut-outs for two small metal ball bearings were 
integrated directly into the sides of the housing design.  An image of the full assembly is shown in 
Figure 5 with each part color-coded. 
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Figure 9.  Gearbox assembly design. 
Table 8.  Part color-coding for Figure 9 
Pinion yellow 
Gear purple 
Potentiometer blue 
Keyed Shaft green 
Arm red 
Bearings grey  
Housing translucent 
As a first attempt, a 3-D printer utilizing an extrusion method was used but non-uniform 
printing led to poor teeth meshing.  The manufacturing method was switch to a stereolithography 
(SLA) 3-D printing method, which instead of melting a plastic uses a laser to cure an acrylic liquid 
layer by layer.  The method allows for much finer resolution of features down to 150 microns and 
tighter tolerances to be held on parts.  While the method does require more steps for post 
processing, the final SLA printed gearbox assemblies drastically improved the gear meshing.   
For mounting the aileron gearboxes, sections were cut through the balsa skin on the 
outboard side of the rib of the premade servo box volume.  Since ribs are spaced every 3 inches 
along the span, this provided plenty of room for integrating the gearboxes and the assembly was 
fastened down on two sides using a screw and glue once the appropriate linkage lengths had been 
set as shown in Figure 10.  While mounting of the wing gearboxes could all be done internally, 
because of the limited thickness of the horizontal stabilizers, the gearboxes do stick out on the 
underside of the surface.  To reduce the drag, coverings were added to help streamline the flow 
Potentiometer 
Pinion 
Bearing 
Large Gear 
Arm 
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around them.  The potentiometer for the rudder was positioned in the center of the empennage.  In 
order to mount the assembly such that the potentiometer arm was rotated in the same direction of 
the surfaces, slots were cut in the fiberglass empennage walls such that a platform of plywood 
could be integrated.  This created a flat and stable surface to mount the rudder potentiometer and 
a clearance slot was made in the empennage for an arm to pass through to run a linkage set back 
to the rudder.  The power, ground and signals wires from all of the potentiometers were routed 
back to the center of the fuselage for plugging into the avionics. 
 
Figure 10.  (left) Aileron potentiometer and gearbox assembly (right) Rudder and elevator 
gearbox assemblies and linkages. 
The next sensor that was integrated was a pitot static probe to measure the air speed during 
flight.  For mounting, the probe was placed 26.5 inches away from the fuselage out on the left 
wing and 4 inches in front of the leading edge such that it would be interacting with the “clean” 
freestream velocity undisturbed by the vehicle itself during flight.  The hollow ¼” tube that was 
used to mount the probe was slotted into a drilled hole through the leading-edge balsa section of 
the wing and provided a convenient way to route the pressure tubes into the servo box area.  Next, 
the pressure tubes were hooked up directly to an All Sensors 20-CMH20 differential pressure 
transducer.  In order to provide measurements of dynamic pressure, the static tube was hooked up 
to Port A and the freestream total pressure was hooked up to Port B.  A schematic of the device 
and output wiring is provided below in Figure 11. 
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Figure 11.  All Sensors 20-CMH20 pressure transducer schematics41. 
 On the right wing at the same span-wise location, an RCAT alpha and beta probe was 
mounted in a similar manner, which was used to measure the angle of attack, , and side-slip angle, 
, respectively.  Due to their lightweight and low momentum construction, the probe’s two free 
floating vanes were mounted perpendicular to each other in such a way to self-orient themselves 
in the direction of the freestream during flight.  The corresponding  and  angles could be 
measured to within ±1 through the use of magnetic Hull-effect sensors.  To hold the carbon fiber 
boom a ¼” hollow brass tube was used to position probe away from the leading edge and the 
corresponding wiring was routed back to the internal volume of the right wing servo box.  While 
the RCAT probe features both an analog and digital signal output, only the analog was utilized to 
maintain uniformity with the other sensors.  For both the pitot static probe and RCAT sensor, a 
small amount of hot glue was applied on the inside and outside of the wing to hold the brass tubes 
in place.  A close-up image of the mounted probe is provided in Figure 12. 
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Figure 12.  Mounted RCAT alpha and beta probe. 
 The last external sensor that needed to be mounted was the GPS antenna, which is shown 
below in Figure 13.  The only requirement driving its placement was having a clear view of the 
sky for satellite acquisition, and, thus, the antenna was mounted to the top of the fuselage directly 
behind the cockpit area using Velcro.  A small hole was drilled through the fiberglass fuselage to 
route the coaxial cable to the avionics. 
 
Figure 13.  GPS antenna placement. 
 
2.3 Avionics System 
The selection of the onboard avionics was driven by a blend of requirements.  First, for the 
system identification efforts the specific multi-sine maneuver needed to be implemented across all 
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of the control surfaces simultaneously in a consistent and repeatable manor.  Since input applied 
to both the ailerons and elevators were to be oppositely mirrored and directly mirrored, 
respectively, this meant the chosen avionics system needed the capability to output a total of three 
separate pulse-width modulation (PWM) signals for the ailerons, elevator and rudder.  Second, the 
position and attitude of the vehicle needed to be measured at a high enough rate to capture the 
aircraft dynamics during a flight.  Third, the mix of analog and digital signals generated from the 
onboard sensors needed to be recorded and stored.  In total, a minimum of eight signals were 
expected to be collected.  These included the five potentiometers, one on each of the control 
surfaces to measure angular deflection, two signals from the alpha and beta probe to measure angle 
of attack and angle of sideslip and one signal from the differential pressure transducer to measure 
airspeed from the pitot static probe.  During the selection process, consideration was also included 
to allow for future growth of the system.  Last, for the DEP configuration, in order to control each 
motor and fan combination individually, a minimum of eight channels capable of outputting a 
PWM signal was necessary.  In addition to these specific requirements, there was a general 
requirement that the system needed to be of the appropriate size, weight and power (SWaP) to be 
mounted within the chosen airframe. 
2.3.1 BeagleBone + Arduino Data Acquisition System 
Given the number of inputs and outputs (I/O’s) required, the list of viable COTS avionics 
systems was limited.  A custom designed avionics package developed by the Distributed 
Autonomous Systems Lab (DASLAB) at the University of Illinois was selected as a low-cost 
option and offered the ability to be modified to implement the multi-sine maneuver and expanded 
to include additional I/O channels.  The system had previously been used for flight testing of 
autonomous aircraft and had a proven track record with these flights, which was expected to help 
lower development and flight testing risk42,43.  The system consists of a BeagleBone Black (BBB) 
single board processor with a custom designed shield connected to a separate custom servo driver 
board.  Running an Ubuntu operating system and the Stabilis autopilot, the BeagleBone board and 
shield handles the exchange of information to/from the servo driver board, the time 
synchronization of sensor inputs and the storing of the collected data on a microSD card.  The 
servo driver board handles the input/output of the PWM signals to the transmitter and servos acting 
as a broker between the two.  A system diagram is provided in Figure 14 showing the primary 
components and interactions. 
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Figure 14.  System diagram of initial avionics configuration. 
For capturing the position and attitude, the system uses a standard external global 
positioning system (GPS) antenna and a 6-axis high resolution VectorNav VN-200 IMU.  To 
reduce the number of physical connections required for controlling the servos, an R/C transmitter 
and receiver combination that featured the S.Bus2 protocol was used.  This allowed all of the PWM 
signals to be routed serially using one 3-pin cable between the onboard receiver and the servo 
driver board.  Initially, a Futaba 14SG transmitter along with a Futaba R7008SB receiver were 
selected based on previous experience with the system, but these were later replaced with a FrSky 
X10 transmitter and FrSky X8R receiver to double the total available channel count from 8 to 16 
allowing for additional control capabilities to be incorporated into the system.  While the servo 
driver board had the physical connections for a total of 16 outputs, only 4 of these had been 
specifically configured in the software.  This meant future development was required to utilize the 
system for the DEP configurations.  The BeagleBone also lacked the physical inputs required to 
directly acquire analog and digital signals from the onboard sensors.  To avoid a lengthy 
development process, an external Arduino Mega 256 featuring 14 analog inputs and 54 digital I/O 
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channels was used to acquire the measurements from the potentiometers, alpha and beta sensor 
and differential pressure transducer.  Since the Arduino was not directly connected to the 
BeagleBone, this led to issues related to the time synchronization between the two collected data 
sets.  To alleviate this, prior to any flight or test, a specific event such as a full rudder deflection 
was implemented to provide a known synchronization point between the two data sets to calculate 
the time differential and shift the data accordingly during post processing.  
For the system identification effort, software modifications had to be made to the baseline 
Stabilis code in order to implement the multi-sine maneuver during flight.  While the original 
Stabilis featured a full autonomous system, this functionality was stripped out leaving only the 
data acquisition elements such as the VectorNAV and GPS drivers and data fusion, and the 
command elements such as the PWM pass-through and MAVLink communication.  This process 
required significant debugging time to ensure no critical elements were removed and to avoid 
creating unwanted failure points in the software.  Next, an already built manual mode was utilized 
as the basis control mode and modified for performing the multi-sine maneuver.  Several methods 
of implementing this multi-sine maneuver within the code were investigated ranging from simply 
locking in the pilot’s last previous commands prior to the software taking over control to the pilot 
having control the entire time and superimposing the necessary maneuver on top of his commands.  
The latter method was ultimately chosen for vehicle safety reasons as it would allow the pilot to 
intervene at any time to steady the vehicle.  The multi-sine maneuver was discretized as a function 
of time and stored directly in the .config file such that any running code could store the series as a 
vector essentially creating a look-up table.  Setup in a loop, the code was configured to only begin 
operation once a mode switch had been commanded on the transmitter.  Once began, a timer was 
started and at each pass through the loop the control surface deflections that defined the multi-sine 
maneuver were applied as an angular increment on top of the pilot’s input.  The local multi-sine 
deflection was found by finding the closest time value in the lookup vector and extracting the 
corresponding PWM value, which was scaled between -1 and 1.  A scaling gain factor was 
implemented in the code to allow the magnitude of the maneuver to be varied during flight to pre-
set values.  While checks were included at the end of each pass to look for a change in state of the 
mode switch to signal exiting the loop and switching back to simple manual control, the downside 
to this implementation is that there was a variable time delay depending on what line the code was 
currently on when the switch was flipped.  
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During initial flight testing to validate the data acquisition system, a loss of link was 
experienced, and pilot became unable to command the vehicle despite multiple attempts to switch 
in and out of the programmed mode which led to the aircraft entering a large uncontrolled gliding 
spiral before landing hard in an open field.  While the vehicle sustained heavy damage, all of the 
onboard avionics were recovered.  After processing the collected data, the system was observed to 
be functioning nominally in the first portion of the flight, which consisted of several passes in the 
pattern and the application of the multi-sine maneuver.  However, during the third multi-sine pass, 
the PWM signals deviate from the normal behaviour and were instead characterized with low level 
noise, which was present until the time of the crash landing in the field.  This low-level noise is 
indicative of an uncontrollable set of PWM commands being sent to the aircraft control surfaces 
and propulsion system.  Since data was collected throughout the entire flight, this effectively ruled 
out the BeagleBone Black system from being the cause.  This left only the transmitter/receiver or 
servo driver board as being the likely culprit.  Given that the servo driver board is a custom-
fabricated piece of hardware, this experimental nature of the board made it the most questionable 
in terms of reliability between the two and thus the servo driver board was identified as the most 
probably root cause for the failure.   
This experience led to the development of a more reliable avionics system, which is 
detailed in Section 2.3.2.  There were also a number of key lessons learned, which drove changes 
to hardware, software and testing methodology to prevent this type of mishap again.  First, on the 
hardware side, it was determined that additional redundancy needed to be incorporated into the 
avionics to allow for a completely separate physical avenue for PWM signals to be sent to the 
servos and ESC in the event of failure of the autopilot.  Second, for software and testing, it was 
apparent even more ground testing of the vehicle systems was needed to identify failure points 
earlier, and if possible, a new method for safely validating the avionics in air needed to be 
implemented as well.   
2.3.2 Raspberry Pi/Navio2 + Mini Maestro System 
Building upon the lessons learned with the first avionics system, the decision was made to 
switch to an open source avionics architecture in an effort to improve safety and redundancy.  The 
research personnel involved in the current study were referred to the PX4 autopilot software.  Able 
to run on multiple flight stacks, the software offers a robust development community, detailed 
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documentation and an open source framework providing a large user base, which typically helps 
improves reliability through bugs being found and corrected quicker.  An added benefit of this 
choice was the real-time implementation of the flight code allowing for the prioritization of 
specific applications onboard.  A good example of this would be a mode switch in and out of the 
multi-sine maneuver.  With the previous system, if an application was currently using the 
processor, it would have to complete before another application could be computed, which could 
result in a small delay in the implementation of a potentially critical function, such as switching 
out of a mode to correct the vehicle’s course.  Real-time implementation allows for the multi-sine 
maneuver to be immediately “kicked out” of the processor once the flip of the mode switch has 
been recognized by the hardware due to its higher priority, potentially saving valuable 
microseconds during flight. 
Out of the several hardware options available in which to run the PX4 stack, an off-the-
shelf Raspberry Pi 3 Model B single board computer was chosen along with a dedicated “hat” or 
add-on board called the Navio2 developed specifically for UAV applications.  Similar to the 
BeagleBone and Servo Driver Board arrangement, the Raspberry Pi acts as the processor handling 
the flight code and data organization and storage while the Navio2 handles the I/O to the GPS, 
control servos and flight receiver.  One distinct difference from the original setup was the external 
IMU was replaced with two board mounted IMUs.  While the resolution of the these onboard 
IMUs was expected to be significantly less than the dedicated IMU, this was not expected to be an 
issue due to the advanced extended Kalman filters (EKF) being applied by the PX4 software.  An 
added advantage of the board was the addition of a high-resolution barometer to provide another 
measurement of altitude to within 10 cm, which could be compared against the GPS and IMU data.  
While the Navio2 offered a total of 14 dedicated 3-pin channels for analog or digital I/O, in order 
to save these channels for servo control and the future DEP fan control, a separate board was still 
required to collect the remaining sensor signals.  The Pololu Mini Maestro 24 channel I/O board 
was chosen for its relatively large, configurable inputs allowing for 12 analog and 12 digital inputs 
to be collected at the same time.  The serial USB interface provided an easy method of connecting 
the board to one of the four Raspberry Pi USB inputs.  This also meant that the data acquisition 
could be controlled directly by a program running on the Raspberry Pi, which would allow the 
time stamping of Mini Maestro data to use the same onboard clock as the Navio2 sensors.  This 
was considered a substantial improvement over the previous Arduino arrangement, which required 
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a known event to fuse the data during processing.  One downside to this selection was the relatively 
low 10-bit resolution of the analog signals, which led to the requirement of the gearboxes for the 
potentiometers discussed previously in Section 2.2.3.  The corresponding system diagram is shown 
below in Figure 15. 
 
Figure 15.  System diagram of final avionics configuration. 
To improve upon the redundancy of the system, a second FrSky X8R receiver was added to 
the aircraft.  In order to accommodate this, an XJT transmitter module with its own 2.4 GHz 
external antenna was installed on the back of the FrSky X10 transmitter.  With two receivers 
onboard, this meant there needed to be a method for switching between them to route commands 
to the servos.  This was provided using the Pololu 4-channel servo multiplexer shown in Figure 
16.   
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Figure 16.  Pololu 4-channel R/C servo multiplexer44. 
Using a master and slave setup, both the PX4 output and the secondary receiver outputs for 
the ailerons, elevators, rudder and throttle could be plugged into the master and slave inputs, 
respectively, with a single output for each control surface going directly to the servos.  To 
determine which input is sent to the output, the multiplexer has a specific channel (SEL) with a 
user configurable threshold.  This selection channel is connected to both receivers and this receiver 
channel is then mapped to a specific high/low toggle on the transmitter such that the PWM signal 
crosses the multiplexer threshold when flipped.  In the event of a PX4 stack malfunction or a loss 
of link with the primary receiver, the transmitter mode switch on the ground can be flipped, 
allowing the avionics board to be physically bypassed and the servos to receive commands directly 
from the secondary receiver.  The multiplexer also features a physical failsafe mechanism that in 
the event of a complete loss of the flight computer or primary receiver, the R/C pilot can still regain 
manual control of the aircraft.  Due the limited number of channels, the servos for the flaps and 
nose gear are routed directly to physical output channels on the primary receiver and are not routed 
through the PX4 stack. 
2.3.3 Avionics Software 
While a brief overview of the avionics hardware has been provided above in Section 2.3.2, 
this section dives a little deeper into the software architecture that was implemented.  The software 
consists of two separate programs, which are run in parallel on the main Raspberry Pi.  The first 
program is the PX4 autopilot.  PX4 is written in C++ as a real-time publisher-subscriber 
framework.  This means that the code consists of independently running sub-modules that are 
running together in parallel.  In order to pass information between the sub-modules, a specifically 
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developed “broker” module regulates the input and output of all the signals and ensures that 
memory is allocated appropriately. This framework allows for all updates to sensors, control 
inputs, and state-estimation data to be perceived in real-time by the autopilot to allow for quick 
switching between manual and autonomous modes.  Being a widely used system, it features built-
in functionality for data logging, MAVLink communication with ground stations and various 
manual and autonomous flight modes such as waypoint tracking and loiter45.   
To implement the required multi-sine maneuver in flight across the control surfaces, a 
method very similar to that of the BeagleBone system was used and a prebuilt manual flight mode 
was repurposed for this effort to avoid unnecessary development time.  The module was written 
such that the multi-sine is superimposed upon the pilot’s input from the R/C transmitter.  To 
accomplish this, the continuous multi-sine was first discretized over the duration of the maneuver 
and stored in a separate .txt file on the Raspberry Pi and imported into the PX4 stack when running.  
This allowed the file to easily be swapped out without requiring the need to re-compile the full 
autopilot package when changing multi-sine profiles.  Next, a loop was written to apply the multi-
sine as function of time, using the text file as a lookup table for what delta to apply.  In order to 
command the maneuver from the ground, a dedicated multi-sine switch was mapped to an S.bus2 
channel of the primary receiver, which had a corresponding on/off toggle on the transmitter.  For 
safety, the module was also configured such that during and at the end of the multi-sine duration, 
the pilot has full control of the vehicle even if the multi-switch is still on.  Because of the real-time 
implementation, the multi-sine module could be exited at any time by either turning the multi-sine 
switch off or switching directly into the manual mode of the redundant receiver.  One additional 
feature that was implemented was the ability to scale the amplitude of the multi-sine.  To 
accomplish this, again, a separate data file was used to store three discrete scaling factor 
magnitudes and these were then mapped to a dedicated three-way toggle on the transmitter over 
S.bus2.  This turned out to be an invaluable feature, as multiple settings could be tested in one 
single test flight without the need to land to reconfigure the software. 
While the baseline PX4 system offered preset data logging capabilities, several changes 
were implemented within the software.  First, the list of recorded variables was configured to 
include all those necessary for the system identification efforts.  This included the standard position 
and attitude coming from the on-board IMU, accelerometers, and GPS but it also included the 
recording of pilot inputs from the transmitter, outputs commanded by PX4, and the multi-sine 
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switch and gain position all of which were critical for post processing efforts.  Second, the naming 
convention of the files was modified such that each time the hardware is power cycled a new 
“session” folder with a unique number is created to store the logs (ex. “sess001, sess002”).  If the 
PX4 software is started and stopped multiple times during a power cycle then the logs are placed 
in same session folder, again, featuring sequential numbering (ex. “log001.ulg, log002.ulg”).  This 
simple change made it much easier to identify and sort through data logs post ground or flight 
testing. 
The second program running on the Raspberry Pi was the Mini Maestro data logger.  Also, 
written in C++, this script dealt solely with the reading of the sensor voltages from the input pins 
on the Mini Maestro micro-controller and transmitting them back over USB directly to the 
Raspberry Pi to be stored on the mounted microSD card.  Because the program was running on the 
Raspberry Pi, the same system clock used by the PX4 code could be interrogated to provide the 
appropriate timestamp when tagging the data in a comma separated file format.  Like with the PX4 
logging, this software was configured to sequentially name each file as it was created to avoid 
duplicates or overwriting of files.  Both software pieces were configured to automatically start 
upon power up with the Mini Maestro portion running in the background prior to the PX4 autopilot 
initializing.  This allowed for the avionics to simply be plugged in at the field helping to eliminate 
the need to log in to the avionics system and start the programs manually before flight, which could 
lead to inadvertent losses of flight data. 
In order to extract the data from the microSD, the process was as simple as logging into 
the Raspberry Pi using the SSH File Transfer Protocol, “sftp”, instead of the typical “ssh”, which 
provides access to a wide range file transfer commands.  Once in the main directory, the Mini 
Maestro .txt files could be found by navigating to “dataLogger/dataFiles” and the PX4 files found 
navigating to “rootfs/fs/microsd/log”.  Once the appropriate files had been located, the “get” 
command was used to copy the file to the current home directory on the computer used for 
accessing the system.  Given the high rate of data collection, ground tests were performed to ensure 
the files sizes never exceeded the limits of storage.  With files sizes ranging between 200-300 Mb 
per file for a 20-25 min flight, this was well below the 32 Gb capacity of the microSD card.   
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2.3.4 Transmitter Setup 
In order for the pilot to safely control the aircraft, the transmitter had to be set up for both 
specifications of the model as well as the avionics system.  The chosen FrSky X10 transmitter 
shown below in Figure 17 could be configured with either the stock proprietary FrOS operating 
system or the open source alternative called OpenTX.  While both offered similar features, the 
latter was chosen due to a higher user count and longer development time over the relatively new 
FrOS.  Using the available SD card slot and provided software, the latest version of the OpenTX 
(2.2.1) firmware was flashed to the transmitter.  Once up and running, a new model profile used 
to hold all of the user settings was created.  As described above, an XJT transmitter model was, 
also, installed on the back of the transmitter to allow communication with a redundant receiver.   
 
 
Figure 17.  (left to right) FrSky X10 transmitter, XJT module, and X8R receiver46. 
Within the software, each X8R receiver was bound individually to the transmitter.  The 
primary receiver was mapped to the built-in internal antenna assembly and bound in Mode 4, by 
jumping the appropriate signal pins as explained in Table 9.  This setup allowed for the full 16 
channels (1-8 using S.bus2 and 9-16 using the physical pins) to be utilized and also provided 
telemetry output such as the received signal strength indicator (RSSI) during flight.  The redundant 
receiver was mapped directly to the external XJT module but instead of Mode 4 was bound to 
Mode 3.  This was done to prevent the interference of telemetry signals between the two receivers.   
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Table 9.  X8R binding procedure instructions 
 
Next all of the servos and software switches connected to the receiver either through the 
physical channels or S.bus2 were mapped to a corresponding available stick or switch.  The 
OpenTX framework is configured such that all channels must first be defined in the Input layer of 
the operating system.  From here, the pilot’s inputs are passed through a Mixer layer where specific 
functions can be applied before entering and exiting the final Output layer where users can apply 
additional limits or shifts to the PWM signals sent to the receiver.  It is within these layers that 
adjustments were made to rates, throws and the overall behavior of the servos and switches.  For 
operation, both a high and low rate operation were set up according to the recommended 
specification provided by the Cirrus model manufacturer as shown in Table 10.  These rates 
correspond to the speed at which commanded servo movements are executed and also set the limits 
on the total throw, or maximum deflection angle up and down, of the individual control surfaces.  
To help provide smoother flight control, the servo travel at these rates was changed from a linear 
curve to an exponential curve which means the servo travels less at the beginning and more towards 
the limit of the servo.  The throws for each rate were set by manually changing the servo limits 
within the Output layer on the transmitter.  While each servo could also be centered in the software, 
this was instead completed by physically changing the length of linkages on the aircraft.  This was 
done to make it easier to implement the same high/low rate structure on all of the PX4 outputs, 
which are not filtered through the receiver when commanding the servos.  These limits were 
applied directly to the “mixer.dat” PX4 file where the aileron, elevator, throttle, and rudder could 
be individually configured in the same manner as OpenTX. 
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Table 10.  High and low rate transmitter settings 
  Low High 
  Throw [mm] Expo Throw [mm] Expo 
Ailerons Up 15 
15% 
17 
22%  Down 13 15 
Elevators Up 14 
15% 
17 
20% 
 Down 14 17 
Rudder Up 28 
20% 
38 
28% 
 Down 28 38 
Flaps Mid 30 
----------------------------------- 
 Landing 60 
One of the last steps was to set up the receiver failsafe actions in the case of loss link 
between the receiver and transmitter.  Given the size and weight of the aircraft, a simple straight 
glide configuration where all servos are centered, and the throttle is set to zero was configured for 
both receivers.  This was chosen over a more complicated loiter procedure to help prevent the 
aircraft from stalling or entering a spin which would likely result in the aircraft accelerating quickly 
toward the ground. 
2.3.5 Hardware and Software Testing 
For testing of the new system and flight code, on top of significant ground testing, the 
avionics were flight tested on a smaller E-Flite Cirrus SR22-T kit shown in Figure 18.  The 13% 
scale plug-and-play (PNP) model featured an all foam construction for easy modification and 
repair, along with all of the required propulsion system components to allow the model to be 
quickly prepared for flights.  This was seen as a critical risk reduction effort given the schedule 
delay that had occurred from the previous rebuild of the larger Cirrus model.  Due to space 
constraints onboard, only the PX4 stack, Mini Maestro board, GPS antenna and twin receivers 
were tested leaving out the remaining sensors and power distribution board.  Since the sensors and 
power distribution board had effectively been ruled out of being the primary cause of the previous 
flight incident when using the BeagleBone system, including these components was viewed as 
unnecessary for initial testing of the avionics package.  During the buildup of the aircraft, it was 
discovered that the output signals from PX4 were incompatible with the analog Spektrum A330 
micro servos.  When controlled directly through the receiver no problems were exhibited but when 
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switched into the PX4 mode, the servos displayed jittery lag when executing manuevers.  
Troubleshooting led to the conclusion that the PX4 signals had associated noise that the analog 
servos could not filter out.  This problem was solved by replacing all servos onboard with a digital 
equivalent.  The final list of onboard components is shown in Table 11. 
 
Figure 18.  E-Flite Cirrus SR22-T. 
Table 11.  E-flite Cirrus SR22-T components list 
 Brand/Item Description 
Motor E-flite Power 10 brushless electric 
Propeller E-flite 3-blade 11”  7.5” 
ESC E-flite Ultimate 2 40A 
Battery Venom LiPo 3S, 3000 mAh 
Servos TowerPro SG92R  9 g digital servos 
With the addition of the electronics, the model was approximately 1 lb. over the 3.6 lbs. 
recommended MTOW.  This was expected to lead to shorter flight times so all flight testing was 
limited to 4 min to leave sufficient margin to land the aircraft safely.  Over the course of testing, 
the aircraft was taken up multiple times.  The general flight plan consisted of bringing the aircraft 
to a safe cruising altitude around 400 ft., trimming out the aircraft for steady level flight, quickly 
switching between the PX4 and manual backup flight control mode, and initializing multi-sine 
maneuvers to observe the vehicle’s response.  No issues were experienced by the pilot during 
testing, which validated the transmitter/receiver redundancy system, and after analyzing the 
collected PX4 and Mini Maestro data on the ground, several improvements were identified 
specifically relating to file organization to reduce post-processing times. 
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2.3.6 Calibration of Sensors 
For all analog sensors, a corresponding calibration was required to relate the binned voltage 
counts to their corresponding measurement.  While the method of collecting the calibration data 
differed from sensor to sensor, the overall technique was the same.  The general process was to 
step through a series of discrete conditions such as a given velocity or angle while the 
corresponding sensor was on and make a measurement of the same parameter using a second 
reliable method.  Next, with this series of data, a curve could be fit providing the relationship 
between the collected counts and measured values.  For the potentiometers, this took the form of 
deflecting the control surfaces and manually reading the measured deflection using a Great Planes 
AccuThrow meter.  This deflection was then converted to an angle about the hinge axis using the 
length of the control surface at the span-wise location of the measurement.  Because each 
potentiometer had been mounted slightly different and may not have the same center value, a 
separate calibration had to be done for each potentiometer.  To help offset the relatively low 
resolution of 0.5 mm of the meter along with human error, a significant number of discrete points 
were used to help average out the error.  This process was automated by executing a stepwise 
function using the PX4 controller and allowed for the outputted PX4 signal to also be correlated 
directly back to the measured deflection.   Since the rotation varies linearly with the corresponding 
voltage count or signal, a standard linear fit, as shown in Equation 2, was applied to the calibration 
data and the corresponding constants, 𝐴 and 𝐵 were calculated. 
  𝜃 = 𝐴 ∗ V + 𝐵  (2) 
where 𝜃 is the deflection angle and V is the voltage count ranging from 0 to 1024.  The calibration 
of the alpha and beta probe was similar to the control surfaces due to each vane being connected 
to its own Hull-effect sensor with a corresponding voltage count output.  Setting the probe direction 
to be zero, each vane was swept 90 over a discrete number of points.  The same linear fit used 
for the potentiometers was applied to the collected data set.  The calibration values of the linear 
fits are provided below in Table 12 with an example of the plotted calibration curve for the right 
aileron shown in Figure 19 and Figure 20.  As a measure of “goodness” for the calibration fits, the 
R-squared value was calculated with all sensors showing an adequate fit of the data. 
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Table 12.  Calibration values for control surfaces and alpha/beta probe 
Sensor A B R2 Fit 
Right Aileron -0.0798 33.498 0.994 
Left Aileron 0.0872 -39.331 0.998 
Right Elevator -0.0883 42.147 0.995 
Left Elevator 0.0832 -35.228 0.998 
Rudder 0.0988 -53.914 0.998 
Alpha 0.375 -207.67 0.987 
Beta 0.4142 -231.65 0.998 
Differential Pressure 0.000314 -0.026190 1.000 
 
 
Figure 19.  Potentiometer angular deflection calibration curve for right aileron. 
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Figure 20.  PX4 angular deflection calibration curve for right aileron. 
For the pitot static probe, only the differential pressure transducer needed to be calibrated.  
In order to accomplish this, the settling section and test section of a 2’8”4” Aerotech wind tunnel 
were used to provide a known pressure differential that was also being measured by a Sentra 239 
pressure transducer with an accuracy of ±0.073% FS, corresponding to an absolute pressure 
accuracy of ±0.0219 in W.C..  Coming directly from the tunnel sections, the main pressure lines 
were teed off in order to run pressure tubes to both the All Sensors and Setra 239 pressure 
transducers at the same time.  Next, the tunnel RPM was swept over a range of 10 discrete points 
to generate a dataset of dynamic pressures.  A linear fit was applied, and the calibration constants 
were determined.  These values are provided above in Table 12. 
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Figure 21.  Pressure transducer calibration setup. 
Since the differential pressure reading from the transducer during flight is the dynamic 
pressure of the freestream, Equation 3, which is derived from the incompressible form of 
Bernoulli’s equation, can be used to calculate vehicle’s airspeed. 
  𝑉∞ = √
2𝑞
𝜌∞
  (3) 
where 𝑞 is the dynamic pressure and 𝜌∞ is the freestream density of air.  In order to calculate 𝜌∞, 
the Ideal Gas Law shown in Equation 4 is applied where 𝑃∞ is the freestream pressure, 𝑅𝑎𝑖𝑟 is the 
ideal gas constant of air, 287.05  
𝑗
𝑘𝑔∗𝐾
, and 𝑇∞ is the freestream temperature. 
 𝜌∞ =
𝑃∞
𝑅𝑎𝑖𝑟∗𝑇∞
  (4) 
While the barometric pressure sensor onboard the Navio2 could be used for an estimate of  
𝑃∞, the temperature sensor could not be used for 𝑇∞ on account of it being located too close to heat 
generating electronics, which skewed the measurement.  Instead an approximation for the air 
temperature as a function of ground temperature, 𝑇𝑔𝑟𝑜𝑢𝑛𝑑, and altitude, 𝜁, was used as provided in 
Equation  5, which assumes a constant temperature lapse rate across the troposphere.  Note this 
equation assumes all temperatures are in Rankine and 𝜁 is in feet.  
 𝑇∞ = 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 −
3.57°
1000 𝑓𝑡
∗ 𝜁 (5) 
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2.3.7 Data Processing 
To help automate the analysis of collected data, a script was written to load and merge the 
files.  All of the PX4 data was stored in a custom format identified as “.ulg”.  While specifically 
developed programs such as FlightPlot could read and view the files, a specific Python script called 
ulg2csv was used to manually parse out the .ulg data files into separate .csv files matching the PX4 
file organization.  This made it easier to read the files directly into a MatLab script for further 
processing.  Since all analog signals and corresponding timestamps of the Mini Maestro data had 
been stored on the Raspberry Pi as a .txt file, these could be read directly in and stored as a matrix 
without any further manipulation.  Once both files were in MatLab, the processing could be broken 
down into three main steps.  First, the Mini Maestro data collected at 100 Hz was resampled to the 
250 Hz sensors collected from PX4 so that the combined data could be easily plotted and 
interrogated together.  One key part of this was ensuring the starting time between the PX4 and 
Mini Maestro set was the same, which was done my manually determining the offset by finding 
and comparing two significant events such as the arming of PX4 which is done through full right 
rudder deflection.  Second, the calibrations determined in Section 2.3.6 were applied.  Due to 
components shifting on the aircraft over time or changes in voltage, it was necessary to reset the 
zero value of the control surfaces and alpha/beta vanes for each flight.  This was done by collecting 
data before and after flights with no trim applied or manually holding the alpha/beta at zero and 
determining the y-axis offset to apply to each individual measurement.  Last, all of the required 
variables were clipped at the appropriate start and end time and stored in a Matlab table which was 
exported to an Excel spreadsheet.  While Excel is not the best at handling datasets of this size, it 
allowed all other pertinent characteristics of each test flight such as the multi-sine performed, 
calibration parameters, physical aircraft properties and flight conditions to all be recorded in one 
place for future reference. 
 
2.4 Flight Testing 
2.4.1 Authorization 
All flight testing of the Cirrus was performed under the FAA Form 7711-1 Unmanned 
Aerial Systems (UAS) Certificate of Authorization (COA) issued to the University of Illinois.  This 
COA, valid from April 7th, 2016 to April 6th, 2018, permitted the operation of small UAS weighing 
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less than 55 lbs. at or below 400 feet above ground level (AGL) assuming all provisions were 
complied with.  A copy of the full COA is provided in Appendix B for reference.  The provisions 
included recording requirements for all flight testing events, implementation of strict safety 
guidelines during the operation of the aircraft, definition of all emergency or lost link procedures 
and coordination with all local airspace if necessary.  Due to all test flights being performed at 
Academy of Model Aeronautics (AMA) certified fields, many of these provisions were 
automatically satisfied.  In addition to the FAA COA, a separate NASA questionnaire was 
completed documenting all vehicle characteristics including avionics, hardware and testing goals, 
and emergency procedures.  This required the creation of a Pre-Mishap Plan, which is provided in 
Appendix B, as well.  The questionnaire and associated documents were reviewed by a NASA 
operations engineer before an Airworthiness Statement was issued allowing the operation of the 
baseline aircraft configuration until July 31st, 2018.   
2.4.2 Testing Methodology 
The overall flight testing methodology is centered around double checks and standard 
routines to allow for safe operations.  Prior to leaving for the field, system checks are performed 
in the lab to validate proper operation of all systems.  This includes a quick sweep of all transmitter 
functionality and the removal of old data files from the microSD before disassembling the aircraft 
for transport.  A strict policy of not implementing fixes or changes at the field is enforced to prevent 
any rushed fixes that could lead to careless mistakes.  Once at the field, the aircraft is reassembled.  
First, the wings are reattached and secured through the use of two wing nuts.  Next, the servo and 
sensor wiring from each wing is connected to the corresponding pin set or extension cable.  To 
prevent misconnections, each wire is color-coded and labeled.  With all components plugged in, 
the required LiPo batteries are placed and secured down through the use of Velcro.  At this point, 
all avionics are powered on and another sweep of functionality is done.  During this time, a visual 
inspection is performed on all control surfaces to ensure no linkages or compartment doors are 
loose or missing.  To assist with data processing efforts, all planned maneuvers such as doublets 
or multi-sines are implemented on the ground to provide a point of comparison to the inflight 
maneuvers.  This is also the time when range checks between the transmitter and both receivers 
are performed.  A prebuilt-in mode on the transmitter allows for the signal strength of each antenna 
to be cut to 1/30th of the effective distance, which should be at least 30 m.  This was validated 
individually for both receivers by walking a full 360 30 m away from the aircraft and ensuring 
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the RSSI values stayed above the minimum operating values and control surfaces could be 
commanded the entire time.   
Once the vehicle and avionics have passed their checks, next the flight crew consisting at 
a minimum of a pilot and an observer are briefed on the current vehicle and transmitter 
configurations and upcoming flight test plan.  Each flight plan includes the maneuvers to be 
performed, a verbalization of safety procedures in the event of loss of link or loss of power, and 
the estimated flight time, which includes margin for trimming out the aircraft and multiple landing 
attempts.  With the team briefed, the main propulsion batteries are connected to the safety power 
switch and the side doors of the fuselage are latched into place.  Next, the magnetic arming key is 
removed on the empennage allowing the ESC to initialize and emit a series of tones corresponding 
to total battery voltage level.  For all first flights of the day, a full motor run up is performed to 
verify smooth operation and identify any vibration issues.  During this test, extra caution is used 
to position the vehicle away from others and to securely hold it down by the wings from safely 
behind the propeller.  If at any point a problem is encountered, the first step is to re-insert the 
arming switch to effectively kill power to the ESC and motor, after which time the batteries are 
unplugged.   
At this point, the aircraft is cleared for flight and allowed to enter the runway.  Taxiing of 
the aircraft is performed to ensure proper alignment of the nose gear before attempting take-off.  
After notifying other pilots and clearing the runway, the aircraft may begin the flight testing.  In 
the event of any fault, the nominal flight plan is terminated, and the aircraft is redirected to land as 
soon as is safely possible.  Prior to the implementation of any system identification maneuvers, a 
check where the pilot is “sticks free”, meaning no input is given, is done to validate the vehicle 
has been full trimmed out for steady, level flight.  After initial flight testing, this was discovered 
to be critical to provide clean datasets and allow for system identification efforts to occur.  At the 
conclusion of the flight, the magnetic arming switch is re-inserted to safely disarm the motor.  Like 
before the flight, all maneuvers are repeated, and the alpha/beta vanes are centered before turning 
off the avionics.  Data extraction is then performed by logging directly into the Raspberry Pi over 
a wired Ethernet connection.  Preliminary processing of the flight data is done to quickly identify 
any system faults that need to be corrected before subsequent flights. 
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2.5 Dynamic Scaling 
Since one of the primary goals of the project was to test the DEP propulsion system on a 
vehicle representing the full-size variant, first the full-size moments of inertia of the Cirrus SR22-
T needed to be determined.  While extensive information can be found for the weight and location 
of specific components for the Cirrus, there is no publicly-available values published in the 
literature for the total moments of inertia of the vehicle.  To provide a starting point, Frasca 
International, Inc. generously provided the University of Illinois with the moments of inertia at an 
empty weight of 2250 lbs. used in their Cirrus SR22-T flight simulators.  In order to provide a 
more realistic configuration, the weight of a pilot, 150 lbs., and full fuel, 500 lbs., was added to 
the empty weight to increase the MTOW to 2900 lbs.  While the pilot was assumed to be located 
close enough to the CG to have a negligible effect on the moments of inertia, the contribution of 
the fuel tanks needed to be accounted for.  This was done by estimating the size and location of 
the fuel tanks within each wing. Several assumptions were made to simplify these estimates.  Since 
the total weight of fuel was known, using a fuel density of 45.0 lbs./ft.3 at 59F and assuming one 
simple rectangular tank within each wing, the required length, width and height to hold 250 lbs. of 
fuel was calculated.  The dimensions of each tank are provided in Table 13.  While this didn’t 
account for trapped fuel or the small collector tanks, it served as an acceptable first-order estimate.  
Next, the location of each tank relative to the aircraft’s CG was found using a schematic of the 
Cirrus shown in Figure 22 and the imagery analysis tool ImageJ47.   
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Figure 22.  Location of Cirrus SR22-T fuel and ice prevention system (IPS) tanks. 
With the location and volume of the fuel tanks found, the moments of inertia for each tank 
were calculated using Equation 6, 7, and 8, which are the standard set for a rectangular prism 
shown in Figure 23.    
  𝐼𝑥𝑥 =
𝑚(𝑏2+𝑐2)
12
  (6) 
  𝐼𝑦𝑦 =
𝑚(𝑎2+𝑐2)
12
  (7) 
  𝐼𝑧𝑧 =
𝑚(𝑎2+𝑏2)
12
  (8) 
 
Figure 23.  Rectangular prism representing fuel tank. 
These contributions were then added to the empty weight moments of inertia of the full 
aircraft through the use of the Parallel Axis Theorem shown in Equation 9, where 𝐼𝑐𝑚 is the 
calculated moment of inertia about the fuel tank CG and 𝑑 is the distance from the corresponding 
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axis of the aircraft’s CG.  These computed values can simply be added to the aircraft’s full 
moments of inertia and were done for the fuel tank on each side.  The final calculated values for 
this process are provided in Table 13 below. 
  𝐼 = 𝐼𝑐𝑚 + 𝑚𝑑
2  (9) 
Table 13.  Dynamic scaling properties 
Parameter Value/Description 
MTOW [lbs.] 2900 
Empty Weight 2250 
Pilot Weight 150 
Fuel Weight [2 tanks] 500 
Density of fuel [lbs./ft3] 45.0 
Dimensions of fuel tank [ft] 
Length 4.59 
Width 2.46 
Height 0.49 
Cirrus CG location [ft] 
x [from nose] 8.69 
y 0 
z 0 
Fuel tank location relative to A/C CG 
x 1.28 
y  8.3 
z -0.73 
Once the new full-size Cirrus inertias where known, the scaling factors of Table 4 using the 
21% scale factor of the Cirrus could be applied again.  This produced a new set of targets for the 
dynamically scaled variant, which are provided in Table 14; however, the moments of inertia of 
the baseline aircraft were still unknown at this point.  While the corresponding CAD model could 
be used to estimate these properties, there was concern about the actual accuracy given the fidelity 
of the model.  Instead, an inertial measurement rig developed at UIUC was used to experimentally 
measure the moments of inertia.  This was done by suspending the aircraft using specially designed 
brackets to a freely rotating bearing at the center of the testing apparatus as shown in Figure 24.  
Because of space constraints, certain parts of the aircraft were tested individually and then 
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combined at the end through the use of Equation 9 to determine the moments of inertia for the full 
aircraft.   
 
Figure 24.  Inertia testing of center fuselage section. 
By applying a known torque, 𝜏, about the center bearing, perturbing the model and 
measuring the angular acceleration, 𝑎,  of the model about the axis, the moment of inertia could 
be calculated using the torque formula of Equation 10.  The measured experimental values are 
provided in Table 14. 
  𝐼 = 𝜏/𝑎  (10) 
Table 14.  Dynamically scaled inertia targets 
 Full-scale 21% Scale Baseline 
Moments of Inertia [slugs-ft2]   
𝐼𝑥𝑥 2306.5 1.121 0.655 
𝐼𝑦𝑦 1841.8 0.896 0.780 
𝐼𝑧𝑧 3331.0 1.620 0.912 
While there was only a 12% difference between 𝐼𝑦𝑦 of the target and baseline vehicle, both 
𝐼𝑥𝑥 and 𝐼𝑦𝑦 needed to be increased by approximately 40%.  To scale the aircraft, weights needed 
to be strategically placed throughout the airframe while still meeting the total weight and CG 
location requirements.  Since the moments of inertia are coupled to one another, this leads to a 
system of equations which has no closed form, unique solution.  Instead an iterative method, based 
on intuition, was employed.  By overriding the baseline CAD assembly’s moments of inertia with 
the new experimental values and importing it into a new assembly, the weight and location of 
individually added point masses could be varied to determine a configuration that effectively 
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matched the desired 21% scaled aircraft inertias.  An additional constraint that was considered 
throughout this process was the eventual requirement to safely mount these additional weights to 
the aircraft.  For this reason, certain locations and layouts were avoided.  Figure 25 shows the final 
selected configuration and corresponding weights.  These calculated weights assume the 
integration of the visual-inertial odometry system, which was used as part of another program to 
collect a high-fidelity dataset to correlate back to the known dynamics model of the aircraft.  Due 
to given constraints, it was not possible to exactly match each axis at the same time so a 
compromise was chosen such that each axis had a difference of less than 5% as shown in Table 
15.  The final CG of the total aircraft also came to within 4% of the baseline flight configuration, 
which still fell safely within the recommend bounds for stability. 
  
 
 
 
Figure 25.  Location and weight of placed scaling masses. 
 
 
 
 
 
 Location from CG 
[in] 
Weight Mass [g] x y z 
Wing 406.1 -2.1 36.0 -0.2 
Nose 640.4 13.8 0 1.3 
Empennage 245.2 -21.1 0 0.7 
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Table 15.  Estimated percent error to scaling targets 
 Scaled Target Error [%] 
Aircraft CG Location from Nose [in] 
𝑥 22.6 22.56 4.4% 
Moments of Inertia [slugs-ft2] 
𝐼𝑥𝑥 1.164 1.121 -3.8% 
𝐼𝑦𝑦 0.913 0.896 0.780 
𝐼𝑧𝑧 1.550 1.620 0.912 
 
Unfortunately, due to the schedule and priorities of the larger STTR program, the dynamic 
scaling modifications were not carried out on the baseline vehicle in this study.  However, the 
following plan was developed and documented to allow the dynamic scaling to be completed in 
future follow-on work.  First, the weights will need to be integrated directly into the baseline 
aircraft.  To reduce the necessary volume required to meet the desired inertial properties, dense, 
segmented lead pieces are recommended to supply the required mass.  Extra care should be taken 
throughout this integration process to ensure weights are securely fastened as dislodging during 
flight could lead to a dynamically unstable and uncontrollable aircraft.  For the wings, slots 
between ribs can be machined through the underside of the balsa skin using a Dremel tool and 
plywood mounting surfaces can be glued directly to the ribs and spars to provide a sturdy platform 
in which to attach the lead pieces.  A new removable hatch should be made to repair and cover the 
rectangular cut-out.  For the weight in the center empennage section, the lead can simply be glued 
to the fiberglass floor of the fuselage.  For the weight in the nose section, custom brackets were 
machined to take advantage of the attachment points already available on the aluminium motor 
mount, and the required weights can be directly attached at this location.  Once these modifications 
are complete, the scaled aircraft can be retested on the inertial rig to experimentally validate the 
configuration.  It is expected that several iterations will be required to settle on the optimal 
configuration that minimizes the percent error between all three axes.  
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CHAPTER 3  
Distributed Electric Propulsion Vehicle Design 
This chapter covers the aspects specific to the design and development of the DEP configuration 
of the Cirrus aircraft.  As explained in Chapter 1, while over-wing ducted fans located along the 
TE were chosen early on in the program, a wide variety of design decisions remained.  First, a 
brief overview of the design constraints is provided followed by the preliminary trade studies and 
experimental hardware testing, all of which supported the configuration selection process.  Next, 
an in-depth review of the detailed design of the DEP wing is provided to document the reasons 
behind specific design decisions and lessons learned.  The last few sections focus on the actual 
manufacturing of the wing, the testing of the propulsion system and the required modifications of 
the baseline vehicle for the integration of the full DEP system.   
3.1 Driving Requirements and Available Hardware 
Before beginning the detailed design process of the DEP configuration, ample time was 
spent up front identifying the overall driving design constraints.  While constraints such as the 
weight, cruise speed and fuselage volume had all been set by the baseline dynamically scaled 
model, additional constraints were applied with regards to manufacturing, integration and 
schedule.  A targeted goal of the design was to keep the complexity and number of changes 
required from the baseline as low as possible.  Table 16 below provides a quick summary of these 
driving constraints. 
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Table 16.  Design driving parameters 
Parameter Value/Description 
MTOW [lbs] 32 
Wing span [in] 97 
Thrust to Weight ratio 0.5 
Cruise speed [mph] 70 
Flight time 10 minutes (minimum) 
Root chord 
S8036 for smooth attachment to 
fuselage root 
Control surfaces 
Maintain same approximate control 
authority as baseline 
Hardware Prioritize COTS 
Manufacturing 
Limit complexity to resident 
capabilities 
Complexity 
Prioritize simplicity and functionality 
over optimal configuration 
 Given the hardware constraint, one of the first tasks was to compile a comprehensive list 
of the COTS electric ducted fans (EDFs), brushless inrunner and outrunner motors and LiPo 
batteries available for the current study.  This list provided in Appendix A includes manufacturer 
specified characteristics such as current draw and static thrust at specific voltages, which were 
used for first-order performance estimates.  A script was developed to explore the entire design 
space by generating all of the feasible configurations and included varying the number of total 
propulsors, the specific fan and motor combinations, and the paired battery capacities and voltages.  
As is observed in the sample output of thrust to weight in Figure 26, this led to a dense population 
to select from where each colored circle within the thrust and weight targets represents a valid 
configuration. 
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Figure 26.  EDF selection script output for an 8-fan configuration. 
 By applying the design constraints such as weight and flight time, any configurations that 
fell outside of the maximum or minimum thresholds were removed leaving only the feasible 
designs.  This space was further narrowed down by creating a weighted metric to rate each 
configuration consisting of three parameters: weight, thrust and cost.  Both weight and thrust were 
given a higher priority to ensure the system had plenty of performance margin later in the program.  
When the metric was applied, a list of the “optimal” configurations was generated.  Two specific 
69 mm fan and motor combinations, the Wemotec EVO Mini and Schübeler DS-30-AXI HDS 
with the Hacker E-40S 2.5D and High-End Technology (HET) 2W20, respectively, were identified 
as being high performers and versatile enough to be used in 8, 10 or 12 fan configurations with the 
higher fan counts providing substantially higher estimated thrust than required.   
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3.2 Preliminary Ducted Fan Testing 
As was noted in Section 3.1,  performance estimates during the preliminary stages of the 
EDF selection process used manufacturer specifications, which historically overestimate values 
for marketing reasons.  In order to validate these performance values, each of the selected fans was 
tested within a subsonic wind tunnel at both static and expected cruise speed flight conditions to 
measure thrust, current draw, torque and temperature.  A secondary goal of the fan testing was to 
obtain a large enough dataset to investigate the frequency response of the ducted fans and 
eventually characterize their performance for future implementation in any DEP control scheme. 
3.2.1 Test Setup 
The same 2.8’4’ open-return Aerotech wind tunnel used for the calibration of the pressure 
transducer was, again, utilized and a schematic is provided in Figure 27 for reference.  Featuring 
a honeycomb flow straightener and three stainless steel screens to reduce test-section turbulence 
intensity, the tunnel is capable of reaching a freestream speed up to 242 ft./s, allowing the fans to 
be tested over a range centering the target 100 ft./s cruise speed of the dynamically scaled Cirrus 
SR22-T.  Each fan could also be tested with the tunnel off to acquire static measurements for direct 
comparison with the as stated manufacturer values.   
 
Figure 27.  2.8'4' Aerotech wind tunnel. 
A custom test stand for mounting the fans within the tunnel test section was developed by 
Aaron Perry, a fellow colleague in the Aerodynamics and Unsteady Flows research group.  
Mounted in the center of the test section, a streamlined, hollow strut supported an upper platform 
and also allowed for wiring to be routed up from beneath the tunnel.  This upper sensor platform 
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was attached to the strut using a torque transducer to allow for the fan torque to be measured during 
dynamic operating conditions.  On the upper platform itself, the fan and custom designed cowling 
were secured to a linear bearing sled, allowing for free translation in the stream-wise direction.  By 
connecting the sled to a force transducer, a direct measurement of the fan thrust could be made.  
Fairing pieces surrounding the stand and a motor tail cone were added to help reduce drag and 
vibratory loading on the test stand. These fairings were manufactured using an SLA 3-D printing 
technique.  In addition to the force and torque transducer, the fan and power system was 
instrumented with a resistance temperature detector (RTD) sensor to measure the surface 
temperature of the motor, an optical rotation per minute (RPM) sensor and a Hull-effect current 
transducer to measure the current being supplied to the fan during operation.  Since the test stand 
was mounted on top of a rotating force balance on the floor of the tunnel, the fan side-slip angle 
could be varied to analyze off-design scenarios.  An image of the final setup is provided in Figure 
28. 
 
Figure 28.  (left) Assembled test stand (right) Schematic of test stand components. 
Prior to testing, all sensors were calibrated.  The force transducer was calibrated by 
applying a force along the center axis of the fan through the use of a pulley system and the hanging 
of known weights.  Similar to the other analog sensor calibrations described in Section 2.3.6, the 
voltage count was recorded for each weight and a linear fit was generated.  For the RTD, the sensor 
was calibrated by submerging it in an ice bath to determine the zero-degree Celsius resistance.  
The remaining sensors either did not need to be calibrated such as the optical RPM sensor or were 
pre-calibrated by their respective manufacturers.  A summary of the specific sensors used by the 
test stand setup are provided in Table 17. 
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Table 17.  Test stand sensor characteristics 
Measurement Sensor Manufacturer Range Accuracy 
Thrust MBD-10 Load Cell 
Transducer 
Techniques 
0-10 lbs. 0.05% Range 
Torque TFF500 Torque Sensor Futek 0-100 in-lbs. 0.10% Range 
Current CR5210 DC Hall Effect CR Magnetics 0-100 A 1.00% Range 
Temperature 100-ohm Platinum RTD - 0-350 F 0.12% Range 
RPM Reflective IR Sensor Adafruit - - 
In order to operate the fan, power was routed through a Castle Creations Phoenix Edge Lite 
100A ESC from a Keysight N5764A 20V/76A DC power supply.  The use of a DC power supply 
instead of a LiPo battery allowed for the voltage to be directly set to several different cell 
configurations and avoided the potential stressing of flight batteries.  The fan throttle was 
controlled through a PWM signal, which was generated using an NI SCXI-1121 16-channel 
simultaneous-sampling analog data acquisition board with built-in signal conditioning modules.  
A custom LabVIEW interface was developed to handle all interaction between the tunnel, fan and 
data acquisition equipment to automate the testing sequences.   
3.2.2 Results 
Both the Schübeler and Wemotec fans were run at freestream conditions of 0, 80, 100 and 
120 ft./s.  Initially, both fans were outfitted with their stock recommended 28 mm brushless motor 
capable of running on 14.8 V (4S).  Later, to expand potential configuration options, the Schübeler 
was also tested with a higher 18.5 V 5S motor.  Table 18 provides a summary of the specific 
configurations tested along with some additional characteristics. 
Table 18.  Tested fan and motor configurations 
Fan Blade 
Count 
Motor Operating 
Voltage 
Freestream 
Velocities [ft./s] 
0 80 100 120 
Wemotec EVO Mini 11 Hacker E40-S 2.5D 14.8 x x x x 
Schübeler DS-30-AXI HDS 10 HET 2W-20 14.8 x x x x 
  HET 2W-23 18.5 x  x  
All cases were tested over the full throttle range except for the Schübeler fan, which was 
limited to 80% throttle to reduce the mechanical fatigue on the fan during static testing.  The figures 
 59 
below provide a side-by-side comparison of the thrust, current draw and RPM for both fans at the 
lower operating voltage of 14.8 V.  From these, several observations can be made.  First, there was 
a significant decrease in thrust between the static and cruise conditions of 100 ft./s, which in the 
case of the Schübeler fan, the extrapolated static value at 100% provided approximately 28% more 
thrust.  While a trend of decreased thrust as flight speed increases was observed, it is more 
noticeable at the lower speeds such as the larger proportional decrease between 80 ft./s and 100 
ft./s.  Second, the recorded RPM values of each fan were very similar showing a linear relationship 
with throttle setting and both reached a maximum at approximately 42,000 to 45,000 RPM.  Third, 
both configurations produced approximately 20-30% less thrust than advertised at static 
conditions, which was invaluable information for performance sizing.  Fourth, with the goal of 
attaining a thrust-to-weight ratio of 0.5 for the dynamically scaled vehicle of 32 lbs. at a safe 
throttle setting of less than 75%, these results implied that the distributed propulsion system needed 
at least 12 fans operating at around 35 amps using either combination of fan and motors to generate 
approximately 16 lbs. of thrust during flight.  While this was feasible, the higher fan count 
configurations brought challenges due to the added integration complexities of the necessary 
hardware including ESCs, wiring and batteries.  A summary of the fan performance at certain 
operating levels is provided in Table 19.  Given the relatively similar performance between the 
two fans, the Schübeler fan was ultimately selected for its higher thrust-to-weight ratio. To help 
reduce risk and evaluate other potential design options, a larger 5S motor capable of running the 
fan at 18.5 V was acquired for additional testing. 
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Figure 29.  (left) Schübeler & HET 2W-20 (right) Wemotec & Hacker E40-S 2.5D. 
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Table 19.  Comparison of fan & motor configuration performance 
 
 
Static 100 ft./s 
Throttle Thrust 
[lbs.] 
Current 
[A] 
Thrust 
[lbs.] 
Current 
[A] 
Wemotec EVO Mini Max 3.25 70 2.2 68 
 70% 2.5 44 1.25 30 
Schübeler DS-30-AXI HDS Max 2.5 55 1.75 55 
 70% 1.75 30 1.2 30 
 
 For the second round of testing, the original HET 2W-20 was swapped out for the higher 
voltage HET 2W-23.  Due to wind tunnel time constraints, a smaller set of data was acquired than 
previously, but a comparison of thrust and current between the two different motors with the 
Schübeler is provided in Figure 30.  It is important to note that since the fan was controlled directly 
from a servo tester rather than the NI counter/timer board, the exact percent throttle at locations 
between 0% and 100% are not know, which is why the results are presented against a data index 
serving as an approximate percent throttle.  At the higher voltage, a significant increase in thrust 
can be identified at a relatively small cost of increased current draw.  Operating the fan assembly 
at 36 amps provided approximately 2 lbs. of thrust, which opened up the possibility of 8-fan 
configurations.  One drawback to this higher voltage was the potential of increased motor 
temperatures.  As a risk reduction effort, an additional set of testing was done to explore potential 
heating issues. 
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Figure 30.  Schübeler motor and voltage comparison. 
 Figure 31 shows the first of these temperature tests where the throttle was aggressively 
varied over the span of four minutes with the tunnel operating at the cruise conditions of 100 ft./s.  
A sharp increase is observed as the fan is ramped up within the first 60 seconds of operation.  
However, after reaching a max of approximately 75°C, the temperature appears to reach 
equilibrium despite the continued ramping up and down and the temperature actually begins to 
taper off before settling at around 60°C.  A significant spike is observed at the 265 second mark 
when both the motor and tunnel are throttled down, due to the loss of active air flow cooling.  Even 
with this spike at the end, the recommended max motor temperature of 90°C was never exceeded 
but it did highlight a potential risk of damaging the motors during ground testing or post flight 
stages, which lack active cooling.  In addition to the dynamic sweep, the motor was run at a steady 
70% throttle corresponding to the expected operating level of 2 lbs. and 36 amps per fan for an 8-
fan configuration.  Lasting a total of 14 minutes to simulate a full flight test length, all of the fan 
parameters including amperage, thrust and temperature reached a steady state, which remained 
relatively constant for the entire duration exhibiting no performance degradation.  These two tests 
provided enough confidence in the viability of the 5S configuration, such that it could be used in 
the next steps of the configuration process. 
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Figure 31.  Motor temperature during dynamic testing. 
 
3.3 Configuration Study 
With a set of EDF hardware selected, the next step was to determine the appropriate number 
and location of the fans along the wing span.  Much of this work was completed during related 
contributions to the current study48,49 but a summary is included here for completeness.  The 
configuration selection process was mainly driven by the requirement to maintain the same or 
greater yaw effectiveness as the baseline rudder.  Equation 11 defines this “yaw effectiveness” 
parameter, 𝑌𝐸, as a function of both the moment generated about the z-axis, 𝑁, and 𝐼𝑧𝑧 of the 
specific configuration, which takes into account the contribution of the moments of inertia from 
the fans.   
  𝑌𝐸 =
𝑁
𝐼𝑧𝑧
  (11) 
Several assumptions were made during the next stage to handle unknowns in the propulsor 
influence on the flight dynamics and simplify performance estimates.  First, a simple thrust line 
model was used to model the fans along the wing as shown below in the free body diagram of 
Figure 32.  Since the exact PAI effects due to changes in the wing pressure distribution from the 
fans were unknown at this stage in the program, they were neglected in this first-order method.  
Second, to eliminate any pitch-moment coupling, which would complicate the thrust-line 
approach, the thrust line of each fan was oriented to align with the aircraft’s center of gravity.  
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Third, while the final design was expected to preserve the 4 of dihedral of the baseline wing for 
increased roll stability, for this study, the wing was modelled with no dihedral.  Last, each fan was 
modelled as a point mass to easily incorporate the corresponding moments of inertia into the 
experimental moments of inertia of the baseline Cirrus, which were used as a starting point.  
 
Figure 32.  Free body diagram of a thrust-line element along the span. 
For the thrust management scheme, it was assumed the fans would be varied in such a way 
that the total net thrust of the vehicle would be constant during any DEP-based maneuver.  This 
means that Δ𝑇𝑙𝑒𝑓𝑡 = −Δ𝑇𝑟𝑖𝑔ℎ𝑡 as shown in Figure 33 below.  Since thrust required, 𝑇𝑟𝑒𝑞, must still 
be maintained during flight, this sets the upper and lower limits of Δ𝑇𝑚𝑎𝑥 to be (𝑇100% − 𝑇𝑟𝑒𝑞) and 
(𝑇𝑟𝑒𝑞 − 0), respectively, and allows for the maximum yaw magnitude of each configuration to be 
calculated.  It is important to note that while this scheme assumes all of the fans on a given side 
are controlled uniformly, future planned research will investigate whether governing each fan 
individually can improve the overall efficiency of generating the Δ𝑇 when PAI effects are 
included. 
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Figure 33.  Schematic of thrust management scheme. 
To retain the same location and sizing as the ailerons of the baseline vehicle, the placement 
of fans along the span of the wing was limited to the section inboard and outboard of the ailerons.  
To accommodate the placement of inboard fans near the trailing edge of the wing, the original 
Fowler flap design of the baseline Cirrus was converted to an underwing split flap design, which 
is described in greater detail in Section 3.4.  From these constraints, a total of 34 different 
configurations of either 8, 10 or 12 fans were generated and analyzed using the collected 
experimental performance data of the Schübeler fan operating at both a 4S and 5S voltage supply.  
An image illustrating all of the designs explored is provided in Figure 34. 
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Figure 34.  DEP configurations analyzed. 
During the down-selection process, an effort was made to balance the total performance of 
the system with its associated weight, since the goal was to retain the same MTOW of 32 lbs. as 
the dynamically scaled vehicle with the baseline tractor propeller system.  While the 12-fan and 
10-fan configurations did provide increases to 𝑇/𝑊 and 𝑌𝐸, this came at the cost of increasing the 
overall propulsion system weight due to the increases associated with ESCs, wiring and structure 
required to mount and power the fans.  An interesting observation was that the configurations with 
a tip mounted EDF did not yield substantial improvements in 𝑌𝐸 due to the overall increase to 𝐼𝑧𝑧  
of placing a fan that far from the vehicle’s CG location.  This also meant that configurations of 
fans grouped in middle of wing seemed to offer the best overall performance characteristics.  From 
all of these options, configuration #4 was ultimately selected and featured a total of 4-fan per wing 
mounted just inboard of the aileron.  When operated at 18.5 V, this configuration was able to meet 
the vehicle’s minimum thrust requirements and offered an equivalent 𝑌𝐸 as the 10 and 12 fan 
configurations at an overall lower total weight despite increases to battery weight to switch from 
4S to 5S.  To help offset the increases to battery weight, a set of MaxAmps 5S 11,000 mAh LiPo 
batteries was selected, which feature the highest energy density available on the market for a 18.5 
V configuration at approximately 193 Wh/kg.  The specific estimated control performance 
compared to the baseline is provided in Table 20. 
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Table 20.  Control authority comparison 
 Baseline Configuration #4 
𝐶𝑁𝛿𝑟  [1/rad] -0.095 ~ 
𝛿𝑟𝑚𝑎𝑥  [deg] ±15 ~ 
𝑁𝑟𝑢𝑑𝑑𝑒𝑟 [ft×lbf]
 -13.4 ~ 
𝐼𝑧𝑧 [slug×ft
2] 1.38 2.36 
𝑌𝐸 [s-2] 9.66 5.90 
𝑌𝐴𝑚𝑎𝑥 ~ 0.61 
 
3.4 Scale Model Design 
Once the configuration was selected, the question still remained how to go from the simple 
flat wing thrust line model with point masses to actually integrating eight EDFs onto a wing of an 
R/C aircraft model.  In an effort to retain similar aerodynamic properties to the baseline, the 
number of changes to the original wing design were limited.  As described in Section 3.3, for roll 
stability, the original 4 of wing dihedral was kept and the surface area and location of the ailerons 
was left unchanged to provide similar control effectiveness as the baseline vehicle.  The inboard 
section of the wing experienced the most significant changes due to the required fan integration 
along the trailing edge of the wing upper surface.  First, the original straight linear taper of the 
baseline wing was replaced with a rectangular inboard section as shown in Figure 35.  This 
provides a more uniform flow across each fan inlet during flight versus the alternatives of (a) either 
linearly mounting the fans, requiring them to be installed at different local chordwise positions 
across the span due to the sweep, or (b) staggering the fans with the sweep and dealing with 
cascading flow effects between fans in the lateral direction.   
 
 
 
 
 Figure 35.  Evolution of wing planform. 
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Second, the original single slotted Fowler flaps were replaced with a split flap design for 
easier integration along the trailing edge of the wing without cutting into the internal structure 
supporting the fans.  This change did lead to an expected decrease in flap effectiveness due to the 
decreased sectional 𝐶𝑙 as illustrated by the graph comparing flap designs in Figure 36.  However, 
this decrease in lift was offset by the 10% increase in the total wing surface area from the planform 
change.  A comparison summary of the changes is provided in Table 21. 
 
Figure 36.  (left) Profile of split and fowler flap (right) Sectional lift and drag comparison 
of flap designs50. 
Table 21.  Wing comparison between baseline and DEP 
 Baseline DEP 
Span [in] 88.9 
Root Chord [in] 12.3 
Tip Chord [in] 6.3 
Airfoils S8036 (inboard), S8037 (outboard) 
Surface Area [in2] 
Ailerons 31.2 31 
Flaps 76.2 69.8 
3.4.1 DEP Wing 
In order take full advantage of the boundary layer ingestion benefits of the over-wing 
ducted fan propulsion system, a separate attachable inlet for each fan needed to be designed to 
ensure the appropriate mass flow was captured during operating conditions.  Developed by 
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Kerho51, the process for setting the inlet geometry uses a combination of boundary layer height 
estimations from XFOIL, fan characteristics and reduced-order mass flow calculations.  As a 
starting point, first the approximate location along the chord of the fan face had to be set.  Previous 
studies had shown a 𝑥/𝑐 location of 0.9 provides a good compromise in the developed boundary 
layer height and 𝐶𝑝 properties and this was used as an initial starting point.  Next using XFOIL, 
the S8036 airfoil was analyzed with the compressible solver using a Mach of 0.089 and Reynolds 
number of 634,000, which corresponds to the expected test flight conditions 400 ft above the 
runway at Eli Field.  XFOIL, which uses a viscous 2-D solver, is able to estimate the displacement 
thickness, momentum thickness and skin friction along the chord and can be visualized as shown 
below in Figure 37.   
 
Figure 37.  XFOIL boundary layer superimposed on S8036. 
This data was exported to Excel and the conditions at the specific x/c location of the fan 
face were extracted.  To calculate the actual local boundary layer profile across the surface of the 
wing, Equation 12 developed by Drela and Giles52 was used.  
  𝛿 = 𝜃(3.15 +
1.72
𝐻𝑘−1
) + 𝛿∗  (12) 
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where 𝛿 is the local boundary layer height, 𝜃 is the momentum thickness, 𝐻𝑘 is kinematic shape 
factor and 𝛿∗ is the displacement thickness.  Making the assumption that the boundary layer is 
attached and turbulent, the velocity profile can be approximated using a Cole’s wake solution first 
utilized by Moses53.  With the velocity profile and 𝛿, the mass flow contribution from the boundary 
layer can be found.  Next, using known fan properties, the required mass flow for the fan can be 
estimated by applying the continuity equation and assuming the pressure at the fan exit is equal to 
the free-stream pressure.  The final derived equation for the mass flow is shown below where 𝜌 is 
the air density, 𝐴𝑒𝑥𝑖𝑡 is the fan swept exit area, 𝑉∞ is the free-stream velocity and 𝑇 is the thrust. 
  ?̇? =
𝜌𝐴𝑒𝑥𝑖𝑡
2
{𝑉∞ + √𝑉∞
2 +
4𝑇
𝜌𝐴𝑒𝑥𝑖𝑡
} (13) 
With the required mass flow now known, the boundary layer contribution can be subtracted 
to determine the remaining mass flow required from the flow above the boundary layer.  If the 
velocity above the boundary layer is assumed to be equal to the edge velocity, 𝑈𝑒𝑑𝑔𝑒, found in 
XFOIL and the user defines the width, 𝑤, of the inlet capture area, then the height, ℎ, required to 
capture and generate the required mass flow for the fan can be calculated.  In Equation 13, a value 
for the thrust must be chosen.  Two different heights for the capture area can be calculated using 
either the 𝑇𝑅 and 𝑇𝐴, which represent the low and high operating conditions, respectively.  Since it 
was expected that the vehicle would be operating somewhere in between, a weighted average 
between the two was calculated as a compromise with more weight being applied to ℎ(𝑇𝐴).  This 
means the inlet was slightly oversized for the expected operating conditions likely creating back 
pressure and reducing inlet velocity but avoiding the alternative of accelerated flow into the fan 
face for an undersized inlet.  While a rectangular inlet was allowable using this design process, for 
ease of manufacturing, the width, 𝑤, was varied and the process iterated until a square inlet was 
defined.  Table 22 below summarizes the calculated parameters and final inlet geometry.  
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Table 22.  Inlet flow parameters and conditions 
fan swept area [in2] 4.84 
chord [in] 12.28 
x/c location 0.87 
Re 6.34  105 
*/c 0.002845 
/c 0.001979 
Hk 1.4196 
𝑈𝑒𝑑𝑔𝑒/𝑉∞ 0.9935 
 [in] 0.2112 
 𝑇𝑅 𝑇𝐴 
thrust [lbsf] 2 2.64 
?̇? [slugs/s] 0.0169 0.0187 
ℎ𝑜𝑢𝑡 2.94 3.27 
ℎ𝑡𝑜𝑡𝑎𝑙 (ℎ𝑜𝑢𝑡+ ) 3.15 3.48 
ℎ𝑖𝑛𝑙𝑒𝑡 [in] 3.37 
𝑤𝑖𝑛𝑙𝑒𝑡 [in] 3.39 
Due to the subsonic nature of the incoming flow, a simple converging inlet with a variable 
elliptic geometry was chosen for the lips along the top and sides of the inlets.  The radius of the 
leading-edge outer and inner lip along with the lip thickness were defined as 4%, 8%, and 12% of 
the inlet height, ℎ𝑖𝑛𝑙𝑒𝑡, respectively, based on design guidelines outlined by Raymer
54.  A 
schematic of this geometry along with a table providing the final values can be found below in 
Figure 38 and Table 23, respectively. 
 
Figure 38.  Inlet geometry definitions. 
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Table 23.  Final inlet dimensions [in] 
Outer lip radius 0.067 
Inner lip radius 0.135 
Lip thickness 0.202 
While the process described above defined the rectangular inlet and lip geometry, the 
geometry leading to the fan face and covering the set of four fans still needed to be drafted.  The 
design of the remaining features was driven by the goal of reducing drag and providing smooth 
transitions especially from the square inlet to the circular fan face.  However, before actually 
beginning this stage, a trade study on manufacturing methods was performed as the selected 
method would likely drive any designs.  While weight was a very real concern, 3-D printing was 
selected as providing the most efficient and reliable method for manufacturing the complex 
geometry that was going to be required by a smooth, low drag design.  An added benefit of this 
method was the relatively quick time (<30 hrs) to print a new design iteration allowing for active 
experimentation with designs.  This method had also been proven a feasible construction method 
by Kerho51 for wind tunnel models. 
Table 24.  Trade study of DEP shroud manufacturing 
Method Pros Cons 
Carved balsa blocks • Very lightweight • Requires significant 
hand carving or 
access to lathing 
tools 
• Wing attachment 
Mounting frame 
covered with foam 
• Lightweight, strong 
mounting 
• Durability 
• Surface finish 
Fully 3-D printed 
structure 
• Accurately 
manufacture complex 
geometry 
• Quickly iterate designs 
or changes 
• Heavy 
• Surface finish 
The drafting of the shroud within SolidWorks turned out to be a challenge.  The final 
process utilized involved several steps.  First, the inlet lip shapes on all sides was created and 
extruded to the correct widths and heights.  Next, from the aft section of the inlet lip body, a series 
of sketches separated approximately 10 mm apart were created that transitioned from the full 
rectangular inlet geometry blending into the four circular exits of the fans.  Following this, a series 
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of 3-D guide curves connecting each of the profiles to one another was inserted such that a solid 
lofted body could be generated.  Extra care was taken during this stage to ensure no sharp angles 
were generated that might lead to early separation and that there was enough material at the aft 
section of the loft to securely hold the fans.  Next, four cylindrical extrusion cuts were used to 
hollow out the aft sleeves for the fan cowlings and a 1.5 mm lip with a slightly smaller diameter 
than the cowling was left to provide a surface for the front of each fan to push against.  With this 
complete, a square to circle loft cut was used to carve out the inlet to fan face transition.  This led 
to sharp edges on each of the four corner seams, which were smoothed out using very large radius 
fillets to blend all of the surfaces together.  Last, to help decrease pressure drag, the large flat 
sections on the back side of the shroud were lofted out to a point to create teardrop fairings and 
reduce the total rear facing surface area.  In addition, fins on the outside left and right walls were 
added to provide a smooth surface transition from the shroud to the top surface of the wing.  These 
were created by simply lofting a series sketches along a curve mirroring the curvature of the wing. 
Figure 39 shows the final design.  
 
Figure 39.  (left) Front view rendering of shroud (right) Rear view of shroud. 
Once the design was set, one of the first tasks was to print a trial run of the shroud to 
validate the method and refine weight estimates for the part.  Because of the size of the piece and 
volume constraints (13.5”14.0” 19.2”) of the available Ultimaker 2+ 3-D printers, the part was 
split into two symmetrical halves.  Using an extrusion method, the Ultimaker melts a polylactide 
(PLA) plastic and builds a part up layer by layer, starting from the bottom surface of the model.  
The general properties of PLA are provided in Table 25.   
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Table 25.  Physical properties of PLA55 
 Value 
Tensile Strength 37 MPa 
Elongation 6% 
Modulus 4 GPa 
Density 1.3 g/cm3 
Melting Point 173C  
 Based on experience, the shroud was oriented such that the inlet lips were flat against the 
build plate, creating a sturdy base as the printer moved up to the more tapered, aft section featuring 
the teardrop fairings and fan sleeves.  The one downside to this orientation was the relatively rough 
surface finish of the inlet lips due to the attached brim, which surrounds the outer profile to help 
keep the part attached to the plate during building.  One method of directly reducing the weight of 
the part during printing was to customize the infilling.  This technique essentially shells the part 
leaving only the outer surfaces and refills this area with crosshatch scaffolding of variable density 
instead of the alternative of completely filling them solid.  The first trial run of the parted used an 
infill of 20%, but this later reduced to 8% while still retaining sufficient structural properties.  Also, 
to account for growth and tolerancing during the printing process, all holes and mating features 
were deliberately oversized by approximately 5%.  The first trial print showed significant faceting 
on surfaces leading to less than ideal surface finishes especially on the fan shafts.  This was 
corrected by decreasing the maximum allowable angles from 10 to 3 during the tessellation 
process when generating the .stl model for printing and only came at the cost of an increased file 
size and a minor increase in print time.  The printing process and final part are shown in Figure 
40.  The total combined weight of two sections came in at just under 0.62 lbs, which was 22% 
lighter than preliminary estimates.  
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Figure 40.  (left) Printing process (right) Final shroud section. 
In order to mount the shroud, the internal structure of the wing had to be determined.  Given 
the mounting location of the fans across the trailing-edge region, the chosen structure needed to 
be rigid enough to carry the weight and associated loads back to the fuselage, which ruled out a 
foam core construction.  In the end, the standard rib and spar build up that was utilized on the 
baseline was selected with several modifications.  First, the wing was divided up into two separate 
sections: the inboard rectangular section and the outboard tapered section.  This was done to allow 
for quicker manufacturing and to support a more modular design for future research.  To connect 
them, each section has a carbon fiber sleeve along the quarter chord for a 10 mm wing tube to run.  
To prevent rotation of the outboard section during flight, two 10 mm pins similar to those at the 
root of the wing were defined at the fore and aft sections of the airfoils.  Second, the trailing edge 
of the inboard section features two parallel slotted carbon fiber tubes running the full spanwise 
length of the rectangular wing section.  The carbon fiber tubes extend out of the root airfoil and 
slot into the fuselage similar to the pins in order to provide an additional method of avoiding wing 
twist during loading.  These spars, along with the outer ribs, form the mounting and attachment 
points for the shroud and four fans.  On the shroud itself, tabs along the bottom side with clearance 
holes are integrated directly into the design such that the shroud sits on the trailing-edge portions 
of the ribs, allowing for the carbon fiber tubes to be slotted through to lock the shrouds into place.  
Third, given the large internal volume of the wing due to the relatively large percentage thickness 
of 16% of the S8036 airfoil, the ESC for each fan was mounted directly in front of each motor.  
This reduced the total quantity of 10 AWG wires that would need to be routed from the fuselage 
by a factor of 1.5, helping to save weight.  During the design process, slots for a mounting shelf 
were integrated directly into the ribs to be laser cut during manufacturing and pass through holes 
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for wiring were cut on the two main plywood spars.  To help alleviate electromagnetic interference 
(EMI) concerns, given the relatively high current running through the fan power wires, a hollow 
carbon fiber tube was added to the leading-edge section of the wing for isolating and routing the 
wiring directly back to the fuselage56.  The ESC control wiring was routed further back along the 
chord to provide sufficient separation between the power cables and control wires as well.  
For materials, a mixture of aircraft-grade birch plywood and balsa was used throughout.  
The inboard section, which requires additional strength, features a 3/32” thick plywood, 
interlocking network of eight ribs and two spars.  This method of using spars that span from the 
bottom to the top surface of the wing and fit into pre-cut slot and tab features on the ribs differs 
from the baseline construction, which only uses four small doles that run the length of the wing to 
connect the ribs.  This was done to improve the bending moment strength while at the same time 
increasing the overall surface area between the components to help with alignment during the 
construction process.  For the outboard section, while the root and end cap used the stronger 3/32” 
plywood, the rest of the ribs were comprised of lighter 3/32” balsa as this section of the wing is 
expected to experience significantly lighter loads compared to the inboard section.  While 
cyanoacrylate (CA) commonly known as super glue is typically used by modelers for rib and spar 
joints, a slightly heavier wood glue was selected to provide additional strength given the increased 
loads on the DEP wing.  A thin layer was applied between all joints along with small radius fillets 
between all adjacent surfaces for additional strength. 
Since the same aileron construction and attachment method as the baseline was to be used, 
including the use of Robart hinges, 3-D printing was initially used to speed up the manufacturing 
of the mating features between the two.  The concave slot mirroring the leading-edge radius of the 
aileron was drafted in two sections, both of which are fastened to the trailing edge section of the 
ribs.  Mounting block features to insert the Robart hinges at the correct angle were built directly 
into the 3-D printed pieces.  However, after the first trial print, it was discovered that due to slight 
variations during building, the 3-D printed mount did not correctly mesh with the rib and spar 
structure.  To correct, the mounting pieces were individual cut and shaped from a continuous block 
of balsa.  While this required more man-hours to manufacture, it let to easier integration in addition 
to a weight reduction of approximately 10 grams.  For the aileron themselves, while several 
methods were explored ranging from 3-D printing to carved solid balsa, in the end, an extra set of 
COTS baseline Cirrus ailerons were simply modified as this turned out to be lightest option. 
 77 
For all hatches into the internal volume of the wing such as the servo or gearboxes, plywood 
reinforcements were integrated into the design such that the part could be separately laser cut and 
slotted into the correct position between the ribs and spars.  Corresponding covers for these hatches 
were laser cut and fitted later after covering the internal structure with the skin.  The last step after 
all of the primary features were created was to reduce weight through the application of lightening 
holes wherever possible.  The sizing and placement of these holes was done strategically to retain 
the overall strength of the structure and avoid introducing stress concentration points such as sharp 
radii or minimum thicknesses between load bearing joints.  During the initial trial runs of the laser 
cutting of ribs, parts were not locking tightly together due to ablation of material by the laser 
cutting process.  To correct this, drawings were modified such that all intersection geometry was 
offset by 0.25 mm to account for this burning off of material.  Figure 41 shows the final designed 
wing structure.  
 
 
Figure 41.  Transparent view of DEP wing design. 
For the wing skin, several options were considered.  Perhaps the ideal skin in terms of 
increased strength would have been monoque carbon fiber skin.  An upper and lower surface 
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section could have been individually manufactured using the standard vacuum bagging technique 
over a foam mold and then glued to a separately-manufactured internal structure.  While this would 
have led to a very light and strong wing, it posed significant manufacturing and schedule 
challenges and there were concerns about electromagnetic interference with the large quantity of 
carbon fiber, which is known to reflect radio signals.  The selected compromise was to use the 
same method as the baseline with a thin balsa sheeting glued to the internal structure, but with the 
modification of covering the balsa with a layer of epoxied fiberglass, a process termed “glassing”, 
to significantly increase the rigidity and handling properties of the wing.  To provide a strong bond 
between the balsa skin and internal structure wood glue was utilized. 
3.4.2 Vehicle Modifications 
As the design progressed, it became clear that there was not enough weight margin to retain 
the baseline propulsion system and keep the aircraft under the 32 lbs goal.  Early in the planning 
process, keeping the main propulsion system in the nose had been seen as a risk reduction measure, 
in the event of a loss of thrust or control of the DEP system.  To help mitigate this new risk, 
additional testing of the DEP system was investigated, and further discussion can be found in 
Section 3.5.  With the decision to remove the baseline propeller, spinner, motor, mount, ESCs and 
batteries, approximately 3.4 lbs. were removed from the nose of the aircraft causing the overall 
CG to shift back significantly.  In order to offset this without the addition of new weight, two of 
the four 5S batteries required for the DEP system were shifted to the nose.  This required a new 
mount that could be attached directly to the Cirrus’s firewall, which needed to be designed and 
manufactured.  Since weight was a constraint, the mount was constructed using 2.3 mm aluminium 
plating similar to the original baseline motor mount.  To reduce the number of bolts required, the 
three-component assembly featured one single continuous piece of aluminium that was bent to 
form three sides of the frame with the remaining sides being comprised of two side plates as shown 
in Figure 42.  For mounting to the fuselage, the same M4 hole pattern from the baseline was 
utilized.  Countersunk bolts and thin pieces of foam were added to ensure the interior surfaces of 
the mount were smooth and padded to prevent the batteries from puncturing in the event of a rough 
landing or shifting during flight.  Lightening holes were used extensively to reduce the overall 
weight to just under 0.65 lbs.  
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Figure 42.  DEP battery nose mount. 
This changed also permitted the original nose fairing to be modified to decrease its drag 
contribution.  To reduce manufacturing complexity, the front section of a stock nose fairing was 
cut such that the original motor shaft and cooling holes were removed.  By reusing the rear section 
of the fairing, this eliminated the need to reverse engineer the mating to the fuselage.  Next, several 
new front sections were designed and analyzed using the ANSYS/FLUENT commercial CFD 
software and sized to fully enclosed the battery nose mount.  Designs were evaluated based on 
manufacturability and estimated coefficient of drag, 𝐶𝐷.  Once a design was selected, the front 
section was 3-D printed with an integrated lip such that it would mate flush with the rear section.  
To improve the surface finish of the 3-D nose fairing, it was printed in two separate pieces to take 
advantage of specific printing orientations to avoid requiring support material on the outside 
surface which can lead to a rough finish.  These two pieces were later epoxied together and then 
glued to the fiberglass aft section.  The seam between the front and aft section, was covered with 
thin strips of fiberglass coated epoxy to provide a smooth transition.  The last step was to sand and 
polish the completed part. 
3.4.3 Weight and Balance Properties 
During the build-up of the DEP wings, a special emphasis was placed on monitoring weight 
throughout the process to avoid unexpected growth.  To provide an estimate and help account for 
aspects like adhesives and small mounting hardware, both the individual components as well as 
subassemblies were weighed.  The final measured weight of the DEP aircraft broken down by 
subsystem is provided in Table 26 along with estimated center of gravity and moment of inertia 
properties extracted from the updated CAD model.  As one might expect, the largest difference 
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between the baseline and DEP vehicle is observed in the propulsion and battery system.  While 
the EDFs only drove a 38% increase in weight compared to the single propulsion unit of the 
baseline, a much steeper penalty is paid for the additional required ESCs with the weight increasing 
by 332%.  For the batteries, due to overall combined increased current draw of the selected EDFs 
and differences in cell count, a 50% increase in weight was observed to retain an equivalent flight 
time.  Perhaps most surprising from Table 26, the structural weight of the DEP configuration only 
grew by approximately 16%.  While the DEP shrouds required for fan integration added 1.2 lbs., 
this was offset by the replacement of the primary motor mount with the lighter battery mount.  The 
final MTOW for the DEP vehicle came to 34.2 lbs., which was 2.2 lbs. heavier than the 
dynamically scaled configuration; however, the goal of the DEP phase was not to match the mass 
and inertial properties.  Due to the margin that was built into the propulsion sizing and selection 
process, this weight was still within the acceptable bounds from a performance as well as a 
structural standpoint and thus was deemed safe to fly.  Images of the final DEP design and build 
are shown in Figure 43. 
Table 26.  Weight properties comparison 
 Baseline DEP* 
Total Weight [lbs.] 32 34.2 
Propulsion System 2.8 6.1 
Batteries 6.9 9.3 
Electronics 2.9 2.8 
Structure 13.1 15.2 
Actuators 0.8 0.8 
Scaling Weights 5.6 0 
Center of Gravity (from nose) [in] 
x-axis 22.55 22.5 
y-axis -0.17 -0.18 
z-axis 0.19 0.22 
Moments of Inertia [slugs-ft2] 
𝐼𝑥𝑥 1.12 1.59 
𝐼𝑦𝑦 0.89 1.58 
𝐼𝑧𝑧 1.62 3.05 
*CG and moments of inertia estimated with CAD model 
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Figure 43.  (above) Final CAD model of DEP design (below) Final assembled DEP design. 
 
3.5 Ground Test Apparatus 
Early on in the DEP configuration design it was recognized that given the number of 
unknowns with a system of this complexity it would be important to test and validate as many of 
the systems as possible before actually flying the vehicle.  This led to the design and development 
of a ground testing apparatus that could safely mount and run all eight of the fans.  The design of 
this ground testing rig was driven by two goals.  The first was to be able to run the power system, 
comprised of the batteries, ESC’s and motors, through simulated flight profiles to validate 
hardware temperatures, fan performance and flight times.  The second was to provide an 
instrumented platform to test control methodologies for the fans and measure the associated 
response. 
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3.5.1 Design and Manufacturing 
Since the goal was not to match the aerodynamics of the wing, a simple T-slotted double 
aluminium extrusion rail was selected to represent the wing.  This decision provided a wide host 
of COTS options for attachments and fasteners to the rail, being a standard shape within the 
framing industry.  Since only the 𝐼𝑧𝑧 moment of inertia of the DEP wing was deemed important 
for the current modelling purpose, this meant the EDF’s and power system could be mounted 
directly above the rail without having to worry about offsetting their placement to match 𝐼𝑥𝑥 and 
𝐼𝑦𝑦.  For the fan mounting, the same ducted shroud from the DEP design was utilized to provide 
easy mounting and similar inlet and exit flow characteristics.  This was also done to help validate 
the structural integrity of the 3-D printed attachment tabs and carbon fiber tubes.  Similar to the 
wing, the ESCs were mounted close to the fans directly under the rail using simple rapidly 
prototyped, 3-D printed plates.  To avoid the issue of wires dragging on the ground or tangling, 
the batteries were mounted in the center section above the rail so that power cables could be run 
along the bar directly to the ESCs.  The avionics consisting of the PX4 stack and FrSky receiver 
were mounted directly above the batteries to again reduce the required distance for the ESC servo 
wiring.  With the relative location of all of the components fixed, next the length of the aluminium 
extrusion was sized such that weights could be added at either end in order to easily adjust the 𝐼𝑧𝑧 
to match that of the wing. 
 In order to allow the DEP rail to rotate during operation, an inline rail-to-rod bracket was 
used to mount the rail to a center aluminium shaft.  This bracket allowed a 1” diameter shaft to be 
securely fastened to the extrusion by clamping it with two tightening bolts.  To provide smooth 
rotation, two flanged roller bearings were attached to the shaft and separated vertically by a 
distance of 5” to prevent the assembly above from cantilevering during operation.  These bearings 
were secured down to an 8”10”6” (LWH) housing frame assembly that was fastened down 
directly to a heavy optical table to provide a sturdy base for the test stand.  To measure the angular 
rotation of the shaft, a U.S. Digital differential hollow bore optical encoder was mounted on the 
bottom of the base plate and attached directly to the shaft through the use of set screws.  A 
dedicated DC power supply was used to provide the required 5 V 0.8 mA power directly to the 
encoder.  To simplify the data acquisition process, the standard differential quadrature output 
signals (A, B, A-, B-) of the encoder were converted to a simple linear analog voltage between 0-
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10 V using a Laureate quadrature transmitter.  This analog voltage was then routed directly to an 
NI USB-6003 data acquisition system so that the signal could be read and recorded through the 
use of a custom LabView script.  Since the encoder manually sets the zero-reference point to the 
current position of the encoder on start-up, prior to powering on the electronics the DEP rail was 
manually set to a predefined orientation to ensure consistency between testing.  Because of the 
positioning of the encoder beneath the bottom plate, through-holes were cut to allow wires to be 
routed away from the assembly to the data acquisition equipment.  In addition to the encoder, one 
of the motors on the DEP rail was also instrumented with an RTD sensor to provide monitoring of 
the motor temperature during operation.  This was done to provide additional verification of safe 
operating temperature to augment the data collected from previous wind tunnel testing.  An 
external power supply was used to provide the required constant current of 438 mA and voltage 
was recorded using the same NI USB-6003 unit and LabView script. Figure 44 shows the final 
designed assembly.  
 
Figure 44.  CAD model of assembled test stand. 
Given the experimental nature of this system, extra emphasis was placed on safety when 
designing.  To prevent the fan assembly from rotating uncontrollably due to an erroneous 
command error, a safety bar was mounted to the corner of framing assembly, acting as a 
mechanical stop.  Another potential safety hazard was the disconnecting of power since the 
batteries were to be mounted directly onto of the rotating rail.  Instead of a physical approach, this 
was handled on the software side and a custom mode where all output pin signals were set to zero 
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was configured such that it could be applied at any time from the switch of a dedicated toggle on 
the transmitter, similar to the previously implemented mode switch of the test vehicle.  
3.5.2 Power and Control Architecture 
An effort was made to keep the power and control system as close as possible to that on 
the DEP vehicle.  This meant the same four 5S MaxAmps 11,000 mAh batteries were used to 
power the eight motors such that each battery was used to provide power to one motor on each 
side of the span.  Because the same Castle Creations Phoenix Edge Lite ESCs were also used, each 
was configured to record the mechanical RPM, ESC temperature, current draw, voltage and 
throttle percentage.  After each run these data were collected by connecting each individual ESC 
into a computer and extracting it using Castle Creations propriety software.  For controlling the 
fans, each 3-pin wire from the ESCs was connected directly to the output pins on the Navio2 board 
using channels 5-12.  A separate flight module was developed within the PX4 framework similar 
to the development of the multi-sine flight mode such that functions could be written to vary the 
individual PWM signal being sent to each ESC.  While initial testing only required simple open 
loop outputs, the PX4 framework allows the motor control module to access all collected aircraft 
parameters and measurements such that a more complex closed-loop control can be designed, 
including the use of position or attitude data directly from the IMU or GPS.  However, this 
highlights one significant drawback to this testing method.  Due to the model being fixed in the z-
axis, the stand cannot simulate the corresponding changes to pitch and thus altitude necessary for 
controller development, which would be critical for actual operation of the vehicle.  However, this 
could be simulated within a simulation if an approximate dynamics model of the wing is included, 
relating a given throttle setting to a specific pitch and lift produced.  This could be further 
augmented by incorporating the hardware and controller into a simulator, such as X-Plane, to 
visualize the expected response of the model during flight while actually implementing the 
corresponding control on the actual propulsion assembly. 
3.5.3 Testing Results 
Once the assembly was completed, one of the first tasks was to experimentally measure 
the moment of inertia of the DEP bar.  This was accomplished using the same technique as the 
inertial measurement rig where a known mass was used to apply a torque to the shaft causing the 
DEP bar to begin to rotate.  With the IMU mounted on top of the assembly along the z-axis, the 
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change in rotational velocity could be measured to calculate the angular acceleration and, using 
Newton’s laws, the moment of inertia could be calculated and iteratively refined until it matched 
the DEP target of 𝐼𝑧𝑧 = 3.05 𝑠𝑙𝑢𝑔𝑠 ∗ 𝑓𝑡
2. Figure 45 shows the experimental setup. 
 
Figure 45.  Assembled DEP test stand. 
The first set of planned tests focus on validating the total combination of fans, motors, 
ESCs, and batteries.  All fans will be set to the same throttle setting with each being controlled 
directly from the PX4 output.  The fans will be run at four discrete intervals of 20%, 40%, 60% 
and 80% for the total battery capacity, which corresponds to a minimum 3.2 V of per cell.  These 
settings were selected to generate a data set of average amperage draw, flight time, and motor 
temperature spanning the expected operating range.  Next, the fans will be operated over predicted 
flight profiles of 10 minutes to simulate a realistic test flight, which includes a ramp up for take-
off, variable throttle for turns and uniform throttle for steady level flight sections.   
For the second set of testing, the differential thrust potential of the vehicle will be explored.  
To accomplish this, several different control methods will be utilized.  First, a differential thrust 
can be generated by simply applying a positive increase on the right wing and an equal and 
opposite decrease on the left wing to simulate a left-hand turn.  These will be specified as a 
percentage throttle delta from the anticipated throttle setting of 60% required for the steady level 
at the flight altitude of 400 ft.   This delta will be applied for a 2 seconds duration to allow ample 
time for the IMU and test instrumentation to measure the resulting dynamics.  This duration is 
large enough that the time constant of the motors is not a factor.  In addition to this method, both 
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a graduated and asymmetric method will be applied such that the total differential throttle setting 
will be equal to previous cases for comparison.   It is important to note that as was shown in the 
throttle versus thrust curves generated in Section 3.2.2, below 80% throttle, the relationship 
between throttle and thrust is approximately linear, which allows this comparison to be made.  
Table 27 provides a concise summary of the complete testing matrix that will be performed in this 
second phase.    
Table 27.  DEP stand testing matrix 
 Fan Throttle Setting 
Fan Number  
(inboard to outboard) 
#1 #2 #3 #4 Total 
Same thrust level  
#1  2.5% +10% 
#2   5% +20% 
#3   10% +40% 
#4 20% +80% 
#5 30% +120% 
Graduated     
#6 +2% +4% +6% +8% +20% 
#7 +4% +8% +12% +16% +40% 
#8 +8% +6% +4% +2% +20% 
#9 +16% +12% +8% +4% +40% 
Asymmetric 
#10 0% 6.7% 6.7% 6.7% +20% 
#11 0% 0% 10% 10% +20% 
#12 0% 0% 0% 20% +20% 
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CHAPTER 4  
Results 
This chapter provides a detailed discussion of the outcomes from the baseline and DEP vehicle 
design and construction.  A specific focus is given to the collected data from flight testing of the 
baseline vehicle and the final DEP aircraft parameters.  The feasibility of the DEP design scaled 
back up to a full-size equivalent is also explored. 
4.1 Testing 
4.1.1 Baseline Aircraft 
Flight testing for the baseline aircraft was performed in an iterative fashion.  An initial 
maiden flight without any onboard electronics was performed.  At the lower MTOW of 22 lbs. the 
primary goal of this flight was to simply validate the airframe build and upgraded propulsion 
system ensuring the aircraft was flyable.  Next, as previously discussed, the baseline aircraft was 
outfitted with the first version of avionics, which ultimately led to the loss of control during the 
second flight.  After rebuilding the aircraft, the Cirrus was flown for a total of three flights with 
the second version of avionics at the unscaled MTOW of 26 lbs.  The testing maneuvers consisted 
of a series of sinusoidal doublets applied to each control surface separately and the specific multi-
sine maneuver applied at three different amplitudes ranging from low to high.  The 10 seconds 
long discrete multi-sine that was applied simultaneously to the ailerons, elevators, and rudder is 
provided in Figure 46. Over the course of these three flights, a large dataset was successfully 
collected with the exception of airspeed data for flights #1 and #2 due to improper connection of 
the pressure transducer tubes.   
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Figure 46.  Multi-sine maneuver for baseline aircraft. 
During post processing, in order to help verify flight events, the vehicle’s attitude and flight 
path was reconstructed using the onboard gyroscope and accelerometer data, respectively.  While 
the attitude simply used the collected Euler angles, the velocity and position of the vehicle were 
calculated by integrating the acceleration data along each body axis.  During this process, it was 
discovered there was a non-zero acceleration component along the x-axis when the vehicle was at 
rest due to gravity.  This was traced back to a 3 inclination of the IMU board due to the 
misalignment of the aircraft mounting shelf.  To correct for this, the gravity vector was rotated to 
align with the IMU axes and subtracted from the raw accelerometer data.  The vehicle’s pitch 
attitude was also corrected by applying a 3 offset such that, prior to flight, the aircraft’s angle of 
attack corresponded to 0.   
Another issue encountered during the integration step included a linear drift of both the 
calculated velocity and distance.  Caused due to the growth of numerical integration errors of the 
time series data, this was solved by both applying a low pass filter to reduce the high frequency 
noise of the acceleration data and then subtracting the mean and detrending the linear growth.  
However, even after these additional steps, the results were questionable as the calculated velocity 
fell outside the reasonable values calculated using the pitot-static probe data.  This was contributed 
to the magnitude of noise remaining in the signal.  For this reason, the PX4 calculated vehicle 
velocity and displacement were used for the reconstruction of flights since the extended Kalman 
filter algorithm applied automatically corrects this accelerometer drift through the synthesis of data 
from other onboard sensors including the GPS, barometer and magnetometer.  This issue 
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ultimately led to the implementation of a vibration dampening mounting structure for the 
Raspberry Pi and Navio 2 board to help reduce the amount of noise collected by the accelerometers 
during flight.  Figure 47 and Figure 48 provide the collected control surface deflection 
measurements and the aircraft state, respectively, for a medium amplitude multi-sine maneuver 
performed between 1179 to 1189 seconds into the third test flight.  
 
Figure 47.  Control surface deflections during medium amplitude multi-sine. 
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Figure 48.  Recorded aircraft state during medium multi-sine maneuver. 
 From Figure 47, while there was very good tracking of the right and left aileron and right 
elevator control surfaces, significant offsets and clipped behavior were observed for the left 
elevator and rudder.  Upon a post flight inspection, for the elevator, this was attributed to the 
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potentiometer and gearbox being loose and for the rudder, servo gear backlash along with the 
relatively long pull-pull actuation method were identified as the primary drivers.  Both of these 
issues were corrected for future flights.  In Figure 48, the relatively complicated response of the 
aircraft state is observed.  The maneuver produced large excitations along all three axes with 
angular accelerations varying approximately ±15 deg/s.  This data along with the measured surface 
deflections was used within the larger program to perform preliminary system identification work.  
While both small and large amplitude multi-sines were tested, the small deflections generated 
responses below the noise floor of the majority of onboard sensors and the large deflections fell 
outside the linear regime of the flight dynamics model, which the aircraft was being compared to. 
 In addition to the multi-sines, doublet or sinusoidal maneuvers were implemented directly 
by the pilot.  Figure 49 and Figure 50 show the response of an implemented elevator doublet.  
Unlike the multi-sine, these maneuvers only excite a limited number of aerodynamic coefficients 
but can be useful to validate the system identification process.  While the goal was to only 
command the elevator control surfaces, deflections on both the ailerons and rudder were observed.  
The aileron deflections were due to the pilot inadvertently providing stick inputs during the 
maneuver while the rudder deflections were contributed to the dynamic aerodynamic loads on the 
control surface.  To help avoid the input error on future flights, doublets were applied directly 
through the software like the multi-sine.  As for the aircraft state, as expected, the sinusoidal 
pitching response is clearly observed in the measured z-axis velocity, pitching attitude and rates 
and angle of attack of the aircraft. 
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Figure 49.  Control surface deflections for elevator doublet maneuver. 
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Figure 50.  Recorded aircraft state for elevator doublet maneuver. 
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4.1.2 Dynamically Scaled and DEP Aircraft 
While no flight testing of the dynamically scaled or baseline aircraft with the DEP 
modifications was performed due to programmatic schedules, a test plan has been developed for 
each and will be completed as part of the larger program this study was completed under.  For the 
dynamically scaled variant, like with the baseline aircraft, the primary goal of the flight testing is 
to systematically perform a series of known doublet and multi-sine maneuvers and to capture the 
vehicle’s dynamic response to extract its aerodynamic characteristics.  Due to the expected 
sluggish responsiveness of the model to control inputs because of the dramatic increases to 𝐼𝑦𝑦 and 
𝐼𝑧𝑧, the amplitude of all maneuvers will be significantly reduced for initial flights to avoid entering 
uncontrollable situations.   
For the DEP variant, the goal is to still characterize the aircraft response.  The flight testing 
will be broken up into two phases.  The first phase will be performed initially to simply validate 
controllability in air.  This will start with simple takeoff, pattern flight and landing phases with the 
throttle output mapped uniformly across all propulsors and the magnitude of control surface inputs 
restricted to low amplitudes.  Once the pilot and flight team are comfortable with the aircraft, phase 
two will begin which will focus on exploring the vehicle response to varying throttle inputs.  
Similar to how the multi-sine maneuvers were implemented on the baseline flight testing, 
predefined throttle configurations will be manually entered during a trimmed flight state for a 
discrete time duration with the pilot on standby to exit out and regain control if necessary.  Initial 
testing will focus on throttle inputs uncoupled with control surface inputs but the coupling effects 
of the two inputs is an area that can be explored to fully characterize the range space for the DEP 
design. 
 
4.2 Full-scale Feasibility 
With a subscale DEP model successfully designed, constructed, and preliminarily tested, 
the overall full-scale feasibility of a DEP aircraft configuration could be investigated and 
evaluated.  First, if the original dimensional scaling of 21% is assumed, the dynamic scaling factors 
can be reapplied to the DEP weights and moments of inertia.  To provide a more specific 
comparison between the DEP and baseline aircraft, the total weight can be broken down and 
analyzed by each subsystem as shown in Figure 51.  When compared to the baseline Cirrus SR22-
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T subsystem weights, though the individual component weights differ, the DEP design percentages 
are essentially equivalent when subdivided into the two following broad categories of (1) 
propulsion and battery/fuel, (2) structure and remaining systems. 
 
Figure 51.  Percentage weight breakdown of scaled up DEP aircraft. 
Table 26 provided the estimated moments of inertia for the DEP configuration, and these 
values would have the same relative percentage difference when projected to the full-scale vehicle.  
While the inertias along the x and y axes remain approximately the same, a 45% increase in 𝐼𝑧𝑧  is 
observed.  This is driven by the increased weight located out on the wing a substantial distance 
from the centerline of the vehicle.  For full-scale DEP configuration design, this makes it critical 
to ensure that propulsors are sized large enough to provide the necessary moment required to 
achieve sufficient yaw angular rates for control, despite the large moment of inertia.  A trade off 
must be performed early in the design balancing the span-wise location of the propulsors with the 
affect this has on the aircraft’s moments of inertia and the structural weight requirements. 
With the basic weight and balance parameter targets provided, the next natural question is 
if an actual vehicle could be configured and built using current technology and COTS systems.  
For the scaled propulsion system, a trade study was performed to identify feasible ducted fan and 
motor configurations currently available on the market that could be used to power this full-scale 
design.  While a number of other large electric brushless motors are available on the market, the 
Subsystem 
Scaled 
Weight [lbs.] 
Structure 1382 
Propulsion 552 
Batteries 842 
Electronics 255 
Actuators 72 
Total 3103 
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scope was limited to only those with reported performance characteristics when configured with a 
rotor and duct.  This list is provided below in Table 28.  The important takeaway from Table 28 is 
the small number of EDFs larger than 120 mm in diameter.   
Table 28.  Available large-scale COTS EDF units 
 
Fan/ 
Manufacturer 
d [mm] Motor 
Thrust 
[lbs] 
Weight 
[lbs] 
Input 
Power 
(kW) 
𝑻
𝑾
 
#1 Jetfan 100 
HET 700-98-
780kv 
17.2 1.62 6.19 10.6 
#2 Jetfan 110 
HET 700-98-
780kv 
21.2 1.65 7.52 12.9 
#3 Jetfan 120 
HET 800-73-
590kv 
21.6 1.63 6.83 13.2 
#4 JP Hobby 120 
JP Hobby 5050-
18S 510 kv 
23.8 1.53 9.63 15.6 
#5 
Hacker Stream-
Fan 
120 
Hacker E60-L 1Y 
600kv 
19.8 1.91 5.96 10.4 
#6 
Schübeler DS-
86-AXI HDS 
120 
Tenshock X-501 
5,5Y 
22 2.62 7.25 8.4 
#7 
Schübeler DS-
82-AXI HST 
120 DSM6043-650 25.2 2.91 8.6 8.7 
#8 Ramtec 127 
HET 800-73-
590kv 
22.4 2.37 7.8 9.5 
#9 
Schübeler DS-
98-AXI HDS 
128 DSM6043-650 29.2 2.93 9.7 10.0 
#10 
Schübeler DS-
215-DIA HST 
195 DSM10066-290 56.2 7.5 15.6 7.5 
#11 Airbus E-fan† 520 Proprietary 168.61 ~ 30 ~ 
In order to retain an 8-fan design and match the 1090 lbs. of available thrust of a baseline 
Cirrus SR-2235, each fan would need to produce at least 138 lbs. of thrust.  With the exception of 
the Airbus E-fan in Table 28, all currently available EDFs fall well below this required thrust 
threshold.  However, when scaling from the subscale to full-scale, thrust is not the only 
consideration if the goal is to match all of the performance properties of the subscale configuration.  
As identified by Kerho51, the selection of the full-scale propulsion units should be driven by trying 
to match three primary parameters including the scaled thrust required, the ratio of the fan diameter 
to the wing chord and the ratio of boundary-layer height to fan diameter.  For calculating the scaled 
thrust required, the thrust coefficient defined in Equation 14 was used to relate the subscale to the 
                                                 
† Values estimated from available photographs and publicly released data 
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full-scale where d is the fan diameter, 𝜔 is the propeller rotation rate in rev/sec and 𝑇 is the thrust 
produced by the subscale EDF.  This quantity could be calculated for the subscale at the estimated 
operating conditions and then compared to possible EDF configurations for the full-scale.   
  𝐶𝑇 =
𝑇
𝜌𝜔2𝑑4
  (14) 
While the first two parameters could be easily calculated from provided specifications, the 
boundary layer height at the same chord percentage for the full-scale aircraft needed to be 
calculated.  Using the steady level flight conditions at 6,500 ft., XFOIL was used to calculate this 
parameter with 𝛿 = 0.048 ft.   Table 29 shows a comparison of the selected model EDF to several 
from Table 28.  It is observed that while several of the smaller EDFs including #1, #6, and #9 are 
relatively close to the DEP model EDF 𝐶𝑇 of 0.96, the smaller fan diameter leads to poor matching 
of 𝛿 d⁄  and d c⁄  and inadequate thrust available performance as previously noted.  For #10, which 
features the much larger 195 mm fan, 𝛿 d⁄  is within 3% but the combination of thrust, RPM and 
diameter lead to a 𝐶𝑇 approximately 2.5 higher than the model EDF and again, the thrust of 56.2 
lbs. is well below the required 138 lbs.  While the Airbus E-fan EDF does provide more than the 
required thrust, the much larger diameter drives both 𝛿 d⁄  and d c⁄  away from the targets.  This 
illustrates the clear tradeoff between 𝛿 d⁄  and d c⁄ , which are inversely proportional to the fan 
diameter.  
Table 29.  Scaled EDF comparison 
 21% 
DEP 
#1 #6 #7 #9 #10 #11 
𝐶𝑇 0.96 1.36 1.10 1.71 1.53 2.52 - 
𝛿 d⁄  0.078 0.147 0.122 0.122 0.115 0.075 0.028 
d c⁄  0.221 0.067 0.081 0.081 0.086 0.131 0.350 
Since there are currently no optimal COTS solutions to produce a full-scale variant of the 
DEP SR22-T, the question becomes could a new EDF be designed to better match these scaling 
parameters.  By choosing the top performers of each diameter, trend lines can be fit relating fan 
diameter to other parameters such as thrust as shown in Figure 52.  
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Figure 52.  Static thrust versus fan diameter for large-scale EDFs. 
It is important to note that using such a limited number of EDFs to generate these trend 
lines reduces their accuracy, but these relations can help provide first order estimates of 
performance for conceptual design stages.  Applying the linear fit of Equation 15 from Figure 52, 
the estimated required diameter of a fan capable of this thrust is 420 mm. 
 d =
𝑇+17.21
0.3588
  (15) 
Next, for the given thrust and diameter, in order to match the 𝐶𝑇 = 0.96 of the model EDF, 
it would be required to rotate at approximately 7,600 RPM.  While additional design and analysis 
would be required to validate this configuration, based on the observed trends these values seem 
reasonable for an EDF.   For the two remaining parameters, the d c⁄  is within 28% but the ratio of 
𝛿 d⁄  is approximately half of the target.  Using this hypothetical fan and motor configuration, next 
the weight impact of the full-scale propulsion system can be explored.  Again, applying a linear fit 
on the collected data, the weight and required input power for the 420 mm EDF can be estimated 
as 21.9 lbs. and 25.2 kW respectively.  This input power can be used to estimate the total weight 
of the required electrical and power equipment.   Since the full-scale vehicle would be unlikely to 
operate at this max power setting of 25.2 kW except for takeoff, an operating and safety factor of 
70% can be applied bringing the target operating power input down to 17.6 kW for conservatively 
sizing the battery system.  Next several assumptions need to be made.  First, a Tesla 18650 battery 
module was selected representing current technology for high energy density lithium-ion batteries 
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with the characteristics shown in Table 30.  Second, a flight time target of 1 hour was chosen for 
sizing as being representative of shorter regional flights based on previous electric aircraft studies.  
Last, for simplicity it was assumed each EDF would be powered by its own separate battery pack. 
Table 30. Tesla 18650 battery specifications57 
 Values 
Capacity [Ah] 232 
Voltage [V] 22.8 
Power [kWh] 5.3 
Weight [lbs.] 55 
Max Cont. Current [A] 500 
Max Peak Current [A] 750 
Using this information and the estimated EDF performance, the first battery configuration 
in Table 31 was designed to meet or exceed the 1-hour flight time target.  This configuration uses 
two batteries in series to achieve a voltage of 45.6 V which brings the operating current to 386 A 
staying safely below the 500 max continuous current limit of the battery packs.  These two in series 
are then wired in parallel with a second set to effectively double the capacity to 462 Ah bringing 
the total battery count per EDF to four.  While this brings the estimated flight time to 72 minutes, 
it leads to an unrealistic total battery weight of almost 3600 lbs. which is well above the total scaled 
weight of 3103 lbs.  If the battery capacity is simply halved as shown in the second configuration 
of Table 31, this leads to a more reasonable total weight at the cost of flight time.  However, it is 
important to note that current FAA regulations require at least 30 minutes of reserves for visual 
flight rules (VFR) flights and 45 minutes of reserves for standard instrument flight rules (IFR) 
flights58,59.  While this effectively invalidates both of these configurations from being useful for 
transport purpose, the second configuration was used for the rest of this feasibility study to 
represent the battery system.   
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Table 31.  Full-scale battery system configurations 
Configuration #1 
Batteries per EDF 2S2P 
Operating Voltage [V] 45.6 
Total Capacity per EDF [Ah] 464 
Total Battery Number 32 
Total Battery System Weight [lbs.] 3560 
Estimated Flight Time [min] 72 
Configuration #2  
Batteries per EDF 2S1P 
Operating Voltage [V] 45.6 
Total Capacity per EDF [Ah] 464 
Total Battery Number 16 
Total Battery System Weight [lbs.] 1760 
Estimated Flight Time [min] 36 
With an EDF and battery configuration selected, an appropriate ESC can be selected for 
the given voltage and current requirements of 45.6 V and 386 A, respectively.  While the list is 
small for these power requirements, several COTS options exist such as the MGM TMM 40063-
3 controller.  Able to operate at up to 63 V and a continuous current of 400 A, the MGM ESC is 
specifically designed for aircraft.  It weighs only 1.02 lbs. and is able to safely meet the EDF 
operating constraints.  A simple 20% growth factor can be built into the total ESC weight to 
account for local connectors and wiring.  The last consideration for the power system design is the 
required wire weight to route the power to the wings, which turned out to be relatively large for 
the DEP model aircraft.  As a first-order estimate, the wire lengths from the subscale aircraft were 
scaled up.  Next, using the industry standard voltage drop index (VDI) formula shown in Equation 
16 where I is the current, 𝐿 is the wire length in feet, 𝜑 is the maximum percentage voltage drop, 
and 𝜀 is the voltage.  Plugging in the operating characteristics from the full-scale aircraft and 
assuming a 𝜑 = 3%, the VDI was calculated to be 22, which corresponds to a recommended 2 
AWG wire size that weighs approximately 0.254 lbs./ft. with insulation.  A conservative 20% 
increase in wire weight was applied to bring the total wire weight for routing the propulsion power 
to 73 lbs.  
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  𝑉𝐷𝐼 =
I∗𝐿
𝜑∗𝜀
 (16) 
These component weight estimates can be added to provide predictions for overall 
subsystem weights and compared back to a baseline Cirrus SR22-T35 as shown in Table 32.  When 
compared to both the scaled estimates and original aircraft, a drastic decrease in the estimated 
propulsion weight is observed.  While a decrease was expected when replacing the original single 
engine combustion system with the higher power-to-weight ratio electric motors, the decrease from 
the scaled version can be explained by the higher percentage ESC and wire weight of the model.  
However, the significant disadvantage of the estimated full-scale DEP aircraft is the large weight 
associated with the low specific energy density of the batteries, which requires 1260 lbs. of 
additional weight over the baseline aircraft for only about 11% of the estimated flight time 
compared to the Cirrus.  Using the total scaled DEP weight as the constraint, this leaves an 
estimated 1050 lbs. for the remaining subsystems which include the structure, electronics and 
actuators along with any additional payload.  While some reductions in structural weight 
associated with actuators and control surfaces could be expected for a DEP vehicle with propulsive 
control, this design weight target for the remaining subsystems would likely be very challenging 
to achieve without significant cost and optimization efforts. 
Table 32.  Full-scale weight comparison [lbs.] 
Subsystem Scaled 
DEP  
Estimated 
DEP 
Baseline 
Cirrus SR22-T 
Propulsion 552 258 871 
Batteries/Fuel 842 1760 500 
Structure/Electronics/Actuators/Payload 1739 - 1529 
Total 3103 2018 2900 
Available Design Weight 1050  
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CHAPTER 5  
Conclusions 
This chapter provides a concise summary of the work detailed above.  An effort is made to capture 
critical lessons learned to help drive future work and designs of subscale DEP aircraft.  Finally, 
areas of future research and associated studies are discussed.  
5.1 Summary 
The work present in this thesis was performed in support of a Phase I NASA STTR program 
as part of an effort to develop a more complete understanding of the use of electric propulsors as 
control effectors and to explore the effects that PAI can have on vehicle dynamics.   
To provide a validation for computational models and help increase the TRL of DEP-based 
control, experimental flight testing of a dynamical scaled aircraft testbed was chosen over wind 
tunnel experiments in order to fully capture the vehicle dynamics in a realistic flight environment.  
The Cirrus SR22-T airframe was chosen for this study as being representative of the current state-
of-the-art in general aviation aircraft and exhibiting characteristics suitable for the development of 
a subscale flight demonstrator.  A COTS 21%-scale Cirrus SR22-T R/C model kit was modified 
for the increased power and load requirements of dynamic scaling and instrumented with a full 
data acquisition and control system.  A corresponding CAD model was developed in parallel to 
support dynamics modeling, dynamic scaling and DEP design efforts.  The moments of inertia 
were experimentally measured to provide a validation and refinement of the CAD model.  Flight 
testing was performed with the baseline vehicle prior to dynamic scaling to verify aircraft 
performance.  A crash and loss of aircraft early in the testing phase led to substantial improvements 
being made to the control surface instrumentation, data acquisition system and control 
methodology, which allowed successive flight testing to successfully capture the aircraft dynamics 
during specifically implement maneuvers required for system identification.  This data was used 
to experimentally verify and calibrate the dynamics model developed as part the larger STTR 
program.  Using the CAD model and experimental moments of inertia, a strategy for dynamically 
scaling the baseline aircraft was developed to match the scaled CG and moments of inertia to 
within 1% and 4%, respectively, of a full-scale equivalent Cirrus SR22-T. 
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 For the DEP efforts, the design space for the integration of over-the-wing trailing edge 
propulsors was thoroughly explored.  Two sets of COTS 69 mm diameter electric ducted fans were 
chosen and experimentally tested within a low speed wind tunnel to validate thrust and temperature 
performance.  The Schübeler DS-30-AXI HDS was selected for its superior thrust to weight 
performance but since the recorded thrust values for both EDFs were approximately 20% lower 
than manufacturer specifications, the original 4S brushless motor was replaced with a more robust 
HET 2W-23 to provide additional operating margin.  A configuration featuring a total of four fans 
located at the mid semi-span of each wing and offering an equivalent yaw effectiveness as the 
baseline control surfaces was selected and represented an “optimal” compromise between 
performance, weight and integration complexity.  A new set of wings were designed and 
manufactured to mount the EDFs, leveraging aspects of the baseline Cirrus wing construction to 
save time and reduce complexity.  The original baseline propulsion and power system was 
removed and replaced with a new battery system architecture strategically placed to stay within 
the CG stability limits of the aircraft.  The final weight of the DEP configuration was only 6% 
heavier than that of the dynamically scaled variant, which was driven primarily by increases in 
propulsion and battery system weight required for adequate thrust and flight testing times. 
In parallel with the DEP wing integration efforts, a test stand was designed and constructed 
specifically to allow safe testing of all eight EDFs with the flight power system.  A rail to hold the 
EDFs and power system was designed to match the 𝐼𝑧𝑧 moment of inertia of the DEP wing and 
rotate about a shaft instrumented with an optical encoder, allowing the angular acceleration 
response of various control inputs to be simulated and analyzed to support future controller design 
efforts.  Early testing of the test stand validated the selected propulsion configuration and 
demonstrated adequate yaw effectiveness of the system as predicted by previous thrust line model 
predictions.  While flight testing of the aircraft with DEP modifications was not completed during 
the time of this study, ground testing and analysis indicate the designed vehicle meets all of the 
performance requirements for successful flight and is a feasible testbed to experimentally 
demonstrate and test DEP-based vehicle control.  
 Once the DEP integration efforts were complete, the final subscale DEP aircraft design 
was analyzed from a feasibility standpoint for scaling it back up to a full-scale aircraft.  Currently 
available hardware was identified along with potential challenges or roadblocks to such a 
configuration including the low specific energy density of current battery technology and lack of 
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available large diameter EDFs.  While a full-size Cirrus with DEP modifications may not be 
currently practical due to the relatively short flight times, clean sheet designs that are able to 
leverage DEP-based control to reduce control surface sizing and thus the overall MTOW offer a 
better chance of providing the endurance required for regional flights.   
 
5.2 Lessons Learned 
Over the course of the study, several key lessons were learned that are useful to document 
for future work.  In regards to flight testing, first, when schedule and budget allow, having a smaller 
aircraft to test critical electronics or design aspects can avoid potential schedule slips due to 
unexpected hardware or software failure not discovered during ground testing.  Second, special 
emphasis must be placed on clear labeling and documentation of all required wire connections 
especially those related to the power system on the vehicle to prevent inadvertently misconnecting 
instrumentation or short-circuiting batteries.  The use of Futaba-style 3-pin connectors and XT-
style battery connectors was used in this study as an additional way to augment the labeling 
approach.  
 During the manufacturing stage of the DEP wing buildup, several key recommended 
changes to the original design were identified.  The first of these was the integration of all mounting 
features directly into the internal rib and spar structure design.  The initial design did not include 
all of the prebuilt slots necessary for the attachment of the ESC panel standoffs or the flap hinge 
mounting which led to substantial time being required to individually measure, machine and glue 
these components.  To save time, these features could be designed directly into the internal CAD 
structure of the wing such that the pieces could be laser cut and fit into precut slots on the 
corresponding ribs and spars as was done for the gearbox mount and servo hatches.  Second, the 
carbon fiber split flap should be extended to expand the entire span of the inboard section of the 
wing to avoid the small balsa covered gap with the fuselage while at the same time increasing the 
effective surface area.  Last, to reduce wiring complexity, connectors should be designed and 
integrated between the fuselage-wing interface.  For the servo and instrument wiring, this could 
take the form of COTS solutions such as EDF-102 OneClik Multi-Connex or D-Sub connectors 
while the power routing would likely require a custom solution to easily mount the required 
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connectors between the 12 AWG wiring.  This design effort would lead to safer and quicker 
preparation of the vehicle for flight and testing. 
 
5.3 Future Work 
As part of an initial Phase I program, the work of this study was relatively limited in breadth 
and depth due to the limited time and budget and thus only a small scope of this research area was 
explored.  The two-piece, modular wing construction was chosen early in the design process to 
allow new future configurations to be tested with relatively minimal changes to the vehicle.  For 
example, a new shroud using the same mounting rail features could be designed with numerous 
parameters being varied including fan spacing, number, 𝑥 𝑐⁄  location, and orientation to 
experimentally validate and improve dynamics models of the system to gain a more robust 
understanding of the sensitivities these parameters have on individual fan performance and PAI.  
The nonpermanent attachment of the outboard wing section also opens up the possibility for new 
sections to be designed and integrated with the vehicle.  This could allow new configurations 
featuring wing tip propulsors or reduced control surface areas to be studied helping to inform the 
community of potentially viable designs. 
While the DEP test stand of this study succeeded in achieving its primary goals, the effects 
that specific throttle setting configurations had on PAI could not be quantified due a lack of an 
aerodynamic model ground testing geometry designed for relevant freestream conditions.  To 
accomplish this, a new model of the wing on the same scale as the 21% DEP vehicle could be 
designed and constructed to operate in a larger wind tunnel, such as the 7 ft 7 ft subsonic tunnel 
of Texas A&M University.  If instrumented with pressure taps and EDF power monitoring, and 
mounted on a 6-component balance, the flow conditions over the upper and lower surface of the 
wing could be analyzed along with the corresponding forces and moments generated from different 
control schemes.  In parallel, the DEP testbed could be used to perform analyzed wind tunnel 
experiments in air to help validate results.  A wind tunnel could also be used to explore techniques 
for optimizing boundary layer ingestion such as a variable temperature upper surface for boundary 
layer height adjustment or a variable inlet design for controlling mass flow to expand the optimal 
operating regime of the aircraft, which due to instrumentation challenges is difficult to accurately 
study on a testbed aircraft. 
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Besides configuration and control aspects, having a working demonstrator opens up the 
possibility to explore other areas which will be critical looking towards future integration of DEP 
aircraft into the general aviation and commercial airspace.  At least with EDF configurations, one 
crucial area is noise level reduction to meet mandated FAA regulation requirements.  Due to the 
relatively high RPM, EDFs typically generate large magnitude, high frequency noise.  With a 
working testbed, “ground observer” tests could be performed in an effort to characterize the sound 
levels of an operating DEP aircraft.  In addition, new methods for either reducing or actively 
canceling certain frequencies through the use of unique fan blade geometries or asymmetric fan 
RPMs could be experimentally tested.  An often-overlooked area in academia but vital to industry 
is the failure risk analysis of such a vehicle.  While increasing the number of propulsors lessens 
the impact of any single failure, the exact effects this could have on an aircraft where propulsion 
and aerodynamics are closely coupled or a vehicle which solely uses the propulsors for control has 
not been extensively studied.  This area of research could also encompass developing a better 
understanding and quantification of failure modes and operating limits of specific DEP hardware 
such as the small-scale fan and electric brushless motor assemblies. 
The successes detailed in this thesis experimentally validate the conceptual design of a DEP 
vehicle and provide preliminary confirmation of the feasibility of controlling a vehicle through the 
use of distributed electric propulsors.   However, given the amount of potential future work detailed 
above, this study should be viewed as a mere stepping stone for future research as much more 
work will be required to bring a full-size design to an adequate TRL for human flight.  
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APPENDIX A.  
A.1 EDF Configurations Analyzed 
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A.1 EDF Configurations Analyzed (cont.) 
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A.2 LiPo Batteries Analyzed 
Name/Manufacturer 
Length 
[mm] 
Width 
[mm] 
Height 
[mm] 
Weight 
[g] 
Capacity 
[mAh] 
Cell 
in 
Series 
C 
Rating Cost 
Tattu 145 45 31 455 6000 3 35 $64.99 
Tattu 135 41 31 415 5300 3 35 $58.99 
Tattu 140 41 35 455 7000 3 25 $71.57 
Tattu 190 45 23 460 5500 3 25 $59.16 
Tattu 138 40 26 350 4200 3 35 $47.23 
Lumenier 135 44 20 252 3300 3 35 $34.99 
Lumenier 152 48 25 392 5200 3 35 $52.99 
Flight Power 161 77 23 589 8000 3 10 $79.99 
Flight Power 161 77 27 650 10000 3 10 $109.99 
Flight Power 195 72 28 805 12000 3 10 $129.99 
Flight Power 195 72 32 970 16000 3 10 $159.99 
MaxAmps 158 59 31 640 11000 3 40 $249.99 
Glacier 138 40 31 420 5300 3 35 $54.95 
Venom 202 72 32 740 13000 3 15 $139.99 
Venom 187 80 38 1055 16000 3 15 $169.99 
MaxAmps 138 50 63 936 16000 3 20 $319.99 
MaxAmps 182 92 33 1257 23000 3 25 $399.99 
MaxAmps 158 79 34.5 977 17000 3 15 $319.99 
MaxAmps 162 45 54 840 12000 3 100 $269.99 
MaxAmps 137 45 52 693 10900 3 120 $249.99 
MaxAmps 158 59 31 640 11000 3 40 $249.99 
MaxAmps 162 45 38 654 9000 3 100 $199.99 
Thunder Power 138 43 38 484 6800 3 25 $109.99 
Thunder Power 139 43 42 526 8000 3 25 $134.99 
Quadrocopter 180 45 75 1360 16000 4 15 $199.99 
Flight Power 161 77 31 762 8000 4 10 $99.99 
Flight Power 161 77 36 860 10000 4 10 $129.99 
Flight Power 195 73 33 1050 12000 4 10 $169.99 
Flight Power 180 100 38 1270 16000 4 10 $209.99 
Thunder Power 139 56 43 701 8000 4 25 $179.99 
Glacier 160 47 30 555 6000 4 30 $84.95 
Venom 187 81 49 1382 16000 4 15 $199.99 
Venom 187 89 47 1098 13000 4 15 $169.99 
Venom 150 44 31 459 5000 4 30 $89.99 
MaxAmps 158 59 81 1690 22000 4 40 $499.99 
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A.2 LiPo Batteries Analyzed (cont.) 
Name/Manufacturer 
Length 
[mm] 
Width 
[mm] 
Height 
[mm] 
Weight 
[g] 
Capacity 
[mAh] 
Cell 
in 
Series 
C 
Rating Cost 
MaxAmps 182 92 44 1664 23000 4 25 $499.99 
MaxAmps 162 72 45 1110 12000 4 100 $339.99 
Turnigy Graphene 
Pro 168 69 34 762 8000 4 15 $49.99 
Tattu 207 73 26 733 9000 4 25 $136.32 
Tattu 165 65 53 785 8000 4 25 $104.99 
Tattu 165 90 42 1700 22000 4 25 $343.89 
Tattu 185 75 47 1310 16000 4 15 $231.67 
Tattu 180 70 36 1045 12500 4 25 $197.60 
Lumenier 230 98 34 1600 21000 4 20 $239.99 
Lumenier 182 74 40 1190 16000 4 20 $184.99 
Lumenier 182 74 32 940 12000 4 20 $139.99 
Lumenier 190 52 34 735 8000 4 25 $99.99 
Turnigy Nano-tech 175 49 38 723 6000 4 25 $62.19 
Turnigy Graphene 
Pro 168 69 40 1560 10000 4 15 $63.08 
Multistar LiHV 181 77 43 1181 16000 4 10 $78.97 
Multistar LiHV 165 69 35 794 10000 4 10 $48.47 
Multistar 200 90 40 1610 20000 4 10 $103.36 
Thunder Power  118 72 42 668 9000 4 54 $179.99 
Zippy FlightMax 170 69 44 1054 8000 5 30 $73.59 
MaxAmps 158 59 101 2110 22000 5 40 $599.99 
MaxAmps 138 50 105 1552 16000 5 20 $479.99 
MaxAmps 162 45 90 1380 12000 5 100 $409.99 
MaxAmps 158 59 51 1060 11000 5 40 $349.99 
Thunder Power 138 62 43 771 6800 5 25 $189.99 
Glacier 138 51 40 670 5300 5 35 $89.95 
MaxAmps 162 45 62 1070 9000 5 100 $299.99 
Thunder Power 139 70 43 859 8000 5 25 $209.99 
Tattu 170 65 46 1145 10000 5 25 $181.55 
Lumenier 190 55 45 1075 8000 6 25 $139.99 
Lumenier 182 74 40 1410 12000 6 20 $209.99 
Thunder Power 139 83 43 1023 8000 6 25 $249.99 
Venom 202 72 61 1607 13000 6 15 $229.99 
Venom 187 80 73 2024 16000 6 15 $339.99 
Venom 211 94 68 2573 22000 6 15 $419.99 
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A.2 LiPo Batteries Analyzed (cont.) 
Name/Manufacturer 
Length 
[mm] 
Width 
[mm] 
Height 
[mm] 
Weight 
[g] 
Capacity 
[mAh] 
Cell 
in 
Series 
C 
Rating Cost 
Lumenier (3 in 
series) 182 74 32 940 12000 6 20 $139.99 
Lumenier (3 in 
series) 182 74 40 1190 16000 6 20 $184.99 
Lumenier 230 98 34 1600 21000 6 20 $239.99 
Tattu 170 65 46 1145 10000 6 25 $210.00 
Thunder Power 139 70 43 859 8000 6 25 $209.99 
MaxAmps 162 90 45 1380 12000 6 100 $479.99 
Glacier 270 65 42 1580 5300 6 35 $195.00 
Multistar 200 90 60 2405 20000 6 10 $145.92 
Multistar 180 70 55 1525 12000 6 10 $79.99 
Turnigy Graphene 
Pro 183 77 57 1610 12000 6 15 $99.00 
Turnigy Graphene 
Pro 170 77 59 1370 10000 6 15 $89.12 
Quadrocopter 180 65 75 1945 16000 6 15 $325.00 
Quadrocopter 165 55 63 1358 10000 6 25 $194.99 
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APPENDIX B.  
B.1 Certificate of Authorization for UAS 
 
 
FAA FORM 7711-1 UAS COA Attachment 
Blanket Area Public Agency COA  
   2016-CSA-27-COA 
  Version 1.0 March 2016 
Page 1 of 14
DEPARTMENT OF TRANSPORTATION 
FEDERAL AVIATION ADMINISTRATION 
CERTIFICATE OF WAIVER OR AUTHORIZATION 
ISSUED TO   
University of Illinois at Urbana-Champaign 
This certificate is issued for the operations specifically described hereinafter. No person shall conduct any 
operation pursuant to the authority of this certificate except in accordance with the standard and special 
provisions contained in this certificate, and such other requirements of the Federal Aviation Regulations not 
specifically waived by this certificate.  
OPERATIONS AUTHORIZED 
Operation of small Unmanned Aircraft System(s) weighti ng less than 55 lbs., in Class G 
airspace at or below 400 feet  Above Ground Level (AGL) under the provisions of this 
authorization. See Special Provisions. 
 
LIST OF WAIVED REGULATIONS BY SECTION AND TITLE 
N/A 
STANDARD PROVISIONS 
1.   A copy of the application made for this certificate shall be attached and become a part hereof. 
2. This certificate shall be presented for inspection upon the request of any authorized representative of the 
Federal Aviation Administration, or of any State or municipal official charged with the duty of enforcing local laws 
or regulations. 
3.  The holder of this certificate shall be responsible for the strict observance of the terms and provisions 
contained herein. 
4.  This certificate is nontransferable. 
Note-This certificate constitutes a waiver of those Federal rules or regulations specifically referred to above.  It 
does not constitute a waiver of any State law or local ordinance. 
SPECIAL PROVISIONS 
 
Special Provisions are set forth and attached. 
 
This certificate, 2016-CSA-27-COA, is effective from April 7, 2016 through April 6, 2018 and is 
subject to cancellation at any time upon notic e by the Administrator or his/her authorized 
representative.  Should a renew al become necessary, the Proponent shall advise the Federal 
Aviation Administration (FAA), in writing, no later than 45 busin ess days prior to the requested 
effective date. 
 
 
BY DIRECTION OF THE ADMINISTRATOR 
                                                                                                                                                    
 
 
 
 
 
 
 
 
 
                                                                                                                              
 
    FAA Headquarters, AJV-115                                                 Scott J. Gardner                            
                    (Region)                                                                                                                                                      (Signature) 
 
 
         April 6, 2016                                 Acting Manager, UAS Tactical Operations Section  
                                       (Date)                                                                                                                      (Title) 
 
 
FAA Form 7711-1 (7-74) 
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B.1 Certificate of Authorization for UAS (cont.) 
 
FAA FORM 7711-1 UAS COA Attachment 
Blanket Area Public Agency COA 
   2016-CSA-27-COA 
  Version 1.0 March 2016 
Page 2 of 14
COA Number:  2016-CSA-27 
 
Issued To:  University of Illinois at Urbana-Champaign, referred herein as the “Proponent” 
 
Address:  306 Talbot Laboratory 
      104 South Wright Street 
      Urbana, IL 61801 
 
I. STANDARD PROVISIONS 
 
A. General. 
 
The review of this activity is based upon current understanding of Unmanned Aircraft 
System (UAS) operations and their impact on the National Airspace System (NAS).This 
Certificate of Waiver or Authorization (COA) will not be considered a precedent for future 
operations. As changes in, or understanding of, UAS operations occur, the associated 
limitations and conditions may be adjusted. 
All personnel engaged in the operation of the UAS in accordance with this authorization 
must read and comply with the conditions, limitations, and provisions of this COA. 
A copy of the COA including the special limitations must be immediately available to all 
operational personnel at each operating location whenever UAS operations are being 
conducted.  
This COA may be canceled at any time by the Administrator, a person authorized to grant 
the authorization, or a representative designated to monitor a specific operation. As a 
general rule, this authorization may be canceled when it is no longer required, when there is 
an abuse of its provisions, or when unforeseen safety factors develop. Failure to comply 
with the authorization is cause for cancellation. All cancellations will be provided in writing 
to the proponent. 
During the time this COA is approved and active, a site safety evaluation/visit may be 
accomplished to ensure COA compliance, assess any adverse impact on ATC or airspace, 
and ensure this COA is not burdensome or ineffective. Deviations, 
accidents/incidents/mishaps, complaints, etc. will prompt a COA review or site visit to 
address the issue. Refusal to allow a site safety evaluation/visit may result in cancellation of 
the COA. Note: This section does not pertain to agencies that have other existing 
agreements in place with the FAA. 
Public Aircraft Operations are defined by statutes Title 49 USC §40102(a)(41) and §40125. 
All public aircraft operations conducted under a COA must comply with the terms of the 
statutes. 
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B.1 Certificate of Authorization for UAS (cont.) 
 
FAA FORM 7711-1 UAS COA Attachment 
Blanket Area Public Agency COA 
   2016-CSA-27-COA 
  Version 1.0 March 2016 
Page 3 of 14
B. Airworthiness Certification.   
The unmanned aircraft must be shown to be airworthy to conduct flight operations in the 
NAS. The proponent has made its own determination that the unmanned aircraft is 
airworthy. The unmanned aircraft must be operated in strict compliance with all provisions 
and conditions contained in the Airworthiness Safety Release (AWR), including all 
documents and provisions referenced in the COA application. 
1. A configuration control program must be in place for hardware and/or software changes 
made to the UAS to ensure continued airworthiness. If a new or revised Airworthiness 
Release is generated as a result of changes in the hardware or software affecting the 
operating characteristics of the UAS, notify the UAS Integration Office via email at 9-
AJV-115-UASOrganization@faa.gov of the changes as soon as practical.  
a. Software and hardware changes should be documented as part of the normal 
maintenance procedures.  Software changes to the aircraft and control station as well 
as hardware system changes are classified as major changes unless the agency has a 
formal process accepted by the FAA. These changes should be provided to the UAS 
Integration Office in summary form at the time of incorporation.   
b. Major modifications or changes, performed under the COA, or other authorizations 
that could potentially affect the safe operation of the system, must be documented 
and provided to the FAA in the form of a new AWR, unless the agency has a formal 
process, accepted by the FAA.    
c. All previously flight proven systems, to include payloads, may be installed or 
removed as required and that activity must be recorded in the unmanned aircraft and 
ground control stations logbooks by persons authorized to conduct UAS 
maintenance. Describe any payload equipment configurations in the UAS logbook 
that will result in a weight and balance change, electrical loads, and or flight 
dynamics, unless the agency has a formal process, accepted by the FAA. 
d. For unmanned aircraft system discrepancies, a record entry should be made by an 
appropriately rated person to document the finding in the logbook. No flights may 
be conducted following major changes, modifications or new installations unless the 
party responsible for certifying airworthiness has determined the system is safe to 
operate in the NAS and a new AWR is generated, unless the agency has a formal 
process, accepted by the FAA. The successful completion of these major changes, 
modifications or new installations must be recorded in the appropriate logbook, 
unless the agency has a formal process, accepted by the FAA. 
2. The unmanned aircraft must be operated in strict compliance with all provisions and 
conditions contained within the spectrum analysis assigned and authorized for use 
within the defined operations area. 
3. All items contained in the application for equipment frequency allocation must be 
adhered to, including the assigned frequencies and antenna equipment characteristics. A 
ground operational check to verify that the control station can communicate with the 
aircraft (frequency integration check) must be conducted prior to the launch of the 
unmanned aircraft to ensure any electromagnetic interference does not adversely affect 
control of the aircraft.  
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B.1 Certificate of Authorization for UAS (cont.) 
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B.1 Certificate of Authorization for UAS (cont.) 
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B.1 Certificate of Authorization for UAS (cont.) 
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B.1 Certificate of Authorization for UAS (cont.) 
 
 119 
B.1 Certificate of Authorization for UAS (cont.) 
 
FAA FORM 7711-1 UAS COA Attachment 
Blanket Area Public Agency COA 
   2016-CSA-27-COA 
  Version 1.0 March 2016 
Page 8 of 14
E.  Notice to Airmen (NOTAM). 
1.  A distant (D) NOTAM must be issued prior to conducting UAS operations. This 
requirement may be accomplished: 
a. Through the proponent’s local base operations or NOTAM issuing authority, or 
b. By contacting the NOTAM Flight Service Station at 1-877-4-US-NTMS (1-
877-487- 6867) not more than 72 hours in advance, but not less than 24 hours for 
UAS operations prior to  the operation. The issuing agency will require the: 
1) Name and address of the pilot filing the NOTAM request 
2) Location, altitude and operating area 
3) Time and nature of the activity. 
Note: The NOTAM must identify actual coordinates and a Radial/DME fix of a prominent 
navigational aid, with a radius no larger than that where visual line of sight with the UA 
can be maintained. The NOTAM must be filed to indicate the defined operations area and 
periods of UA activity.  NOTAMs for generalized, wide-area, or continuous periods are not 
acceptable. 
 
II. FLIGHT STANDARDS SPECIAL PROVISIONS 
 
Failure to comply with any of the conditions and limitations of this COA will be grounds for 
the immediate suspension or cancellation of this COA. 
1. Operations authorized by this COA are limited to UAS weighing less than 55 pounds, 
including payload. Proposed operations of any UAS weighing more than 55 pounds will 
require the Proponent to provide the FAA with a new airworthiness Certificate (if 
necessary), Registration N-Number, Aircraft Description, Control Station, 
Communication System Description, Picture of UAS and any Certified TSO 
components. Approval to operate the new UAS is contingent on acknowledgement from 
FAA of receipt of acceptable documentation.  
2. External Load Operations, dropping or spraying aircraft stores, or carrying hazardous 
materials (including munitions) is prohibited. 
3. The UA may not be operated at a speed exceeding 87 knots (100 miles per hour). The 
COA holder may use either groundspeed or calibrated airspeed to determine compliance 
with the 87 knot speed restriction. In no case will the UA be operated at airspeeds 
greater than the maximum operating airspeed recommended by the aircraft 
manufacturer. 
4. The Proponent should conduct and document initial training at a specific training site 
that will allow for the conduct of scenario-based training exercises. This training should 
foster a high level of flight proficiency and promote efficient, standardized coordination 
among pilots, visual observers, and ground crew members. To ensure safety and 
compliance, the training site should be is well clear of housing areas, roads, non-
participating persons, and watercraft. When the Proponent has determined that 
sufficient training scenarios have been completed to achieve an acceptable level of 
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B.1 Certificate of Authorization for UAS (cont.) 
 
FAA FORM 7711-1 UAS COA Attachment 
Blanket Area Public Agency COA 
   2016-CSA-27-COA 
  Version 1.0 March 2016 
Page 9 of 14
competency, the Proponent is authorized to conduct UAS public aircraft operations in 
accordance with Title 49 USC §§ Part 40125 at any location within the National 
Airspace System under the provisions of this COA.  
5. The UA must be operated within visual line of sight (VLOS) of the Pilot in Command 
(PIC) and or the visual observer (VO) at all times. This requires the PIC and VO to be 
able to use human vision unaided by any device other than corrective lenses, as 
specified on their FAA-issued airman medical certificate or equivalent medical 
certification as determined by the government entity conducting the PAO. The VO may 
be used to satisfy the VLOS requirement as long as the PIC always maintains VLOS 
capability.  
6. This COA and all documents needed to operate the UAS and conduct operations in 
accordance with the conditions and limitations stated in this COA are hereinafter 
referred to as the operating documents. The Proponent must follow the procedures as 
outlined in the operating documents. If a discrepancy exists within the operating 
documents, the procedures outlined in the approved COA take precedence and must be 
followed. The Proponent may update or revise the operating documents, excluding the 
approved COA, as needed. It is the Proponent’s responsibility to track such revisions 
and present updated and revised operating documents to the Administrator or any law 
enforcement official upon request. The Proponent must also present updated and revised 
documents if they petition for extension or amendment to this COA. If the Proponent 
determines that any update or revision would affect the basis upon which the FAA 
granted this COA, then the Proponent must petition for an amendment to this COA. The 
FAA’s UAS Integration Office (AFS−80) may be contacted if questions arise regarding 
updates or revisions to the operating documents. 
7. The operating documents must be accessible during UAS operations and made available 
to the Administrator and/or law enforcement upon request. 
8. Any UAS that has undergone maintenance or alterations that affect the UAS operation 
or flight characteristics, (e.g., replacement of a flight critical component), must undergo 
a functional test flight prior to conducting further operations under this COA. 
Functional test flights may only be conducted by a PIC with a VO and must remain at 
least 500 feet from other people. The functional test flight must be conducted in such a 
manner so as to not pose an undue hazard to persons and property. 
9. The Proponent is responsible for maintaining and inspecting the UAS to ensure that it is 
in a condition for safe operation. 
10. Prior to each flight, the PIC must conduct a pre-flight inspection and determine the UAS 
is in a condition for safe flight. The pre-flight inspection must account for all potential 
discrepancies (e.g. inoperable components, items, or equipment). If the inspection 
reveals a condition that affects the safe operation of the UAS, the aircraft is prohibited 
from operating until the necessary maintenance has been performed and the UAS is 
found to be in a condition for safe flight. 
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Page 10 of 14
11. The Proponent must follow the UAS manufacturer’s maintenance; overhaul, 
replacement, inspection, and life limit requirements for the aircraft and aircraft 
components. 
12. Each UAS operated under this COA must comply with all manufacturer safety bulletins. 
13. Government entities conducting public aircraft operations (PAO) involve operations for 
the purpose of fulfilling a government function that meet certain conditions specified 
under Title 49 United States Code, Section 40102(a)(41) & 40125(a)(2). PAO is limited 
by the statute to certain government operations within U.S. airspace. These operations 
must comply with general operating rules including those applicable to all aircraft in the 
National Airspace System. Government entities may exercise their own internal 
processes regarding aircraft certification, airworthiness, pilot, aircrew, and maintenance 
personnel certification and training. If the government entity does not have an internal 
process for PIC certification, an acceptable equivalent is that PIC shall hold  
a. Either an airline transport, commercial or private pilot certificate if UAS operations 
are within 5 nautical miles (NM) from an airport having an operational control 
tower, an airport having a published instrument flight procedure, but not having an 
operational control tower, or 2 NM from an airport not having a published 
instrument flight procedure or an operational control tower, or 2 NM from a 
heliport. The PIC must also meet the flight review requirements specified in 14 CFR 
§ Part 61.56 in an aircraft in which the PIC is rated on his or her pilot certificate. 
b. For UAS operations outside of these locations the government entity may utilize a 
ground based training course and successful completion of a FAA written 
examination at the private pilot level or higher (or an FAA-recognized equivalent). 
The PIC must also hold a current 2
nd
 Class FAA airman medical certificate or 
equivalent medical certification as determined by the government entity conducting 
the PAO.   
14. The Proponent may not permit any PIC to operate unless the PIC demonstrates the 
ability to safely operate the UAS in a manner consistent with how the UAS will be 
operated under this COA, including evasive and emergency maneuvers and maintaining 
appropriate distances from persons, vessels, vehicles and structures. PIC qualification 
flight hours and currency must be logged in a manner consistent with 14 CFR § Part 
61.51(b). Flights for the purposes of training the Proponent’s PICs and VOs (training, 
proficiency, and experience-building) and determining the PIC’s ability to safely 
operate the UAS in a manner consistent with how the UAS will be operated under this 
COA are permitted under the terms of this COA. However, training operations may 
only be conducted during dedicated training sessions. During training, proficiency, and 
experience-building flights, all persons not essential for flight operations are considered 
nonparticipants, and the PIC must operate the UA with appropriate distance from 
nonparticipants in accordance with 14 CFR § Part 91.119. 
15. Pilots are reminded to follow all federal regulations (e.g. remain clear of all Temporary 
Flight Restrictions). Additionally, operations over areas administered by the National 
Park Service, U.S. Fish and Wildlife Service, or U.S. Forest Service must be conducted 
in accordance with Department of Interior/US Fish & Wildlife Service requirements.  
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(See 50 CFR §§ Part 27.34 and FAA Aeronautical Information Manual Section 4, 
paragraph 7-4-6.) 
16. The presence of observers during flight operations, other than initial or recurrent pilot-
in-command and visual observer training is authorized given compliance with the 
following provisions: 
a. Observers will receive a safety briefing that addresses the mission intent, safety 
barriers, non-interference with UAS mission personnel, and emergency procedures 
in the event of an incident or accident. 
b. Observers will be directed to, and contained within, a specific observation point that 
minimized the risk of injury and ensures that they do not interfere with the UAS 
mission.  
c. Observers must have a valid Federal Aviation Administration (FAA) second-class 
medical certificate issued under 14 CFR part 67; an FAA-recognized equivalent is 
an acceptable means of demonstrating compliance with this requirement.  
d. Proponent will ensure that observers do not engage in conversations, discussions, or 
interviews that distract any crewmember or mission personnel from the performance 
of his/her duties or interfere in any way with the proper conduct of those duties. 
e. Proponent will limit the number of observers to that which can be adequately 
monitored and protected by personnel and resources onsite. 
f. Operation will be conducted in compliance with ALL of the existing provisions, 
conditions and mitigations of this COA. 
17. UAS operations may only be conducted during the daytime and may not be conducted 
during night, as defined in 14 CFR § Part 1.1. All operations must be conducted under 
visual meteorological conditions (VMC). Flights under special visual flight rules 
(SVFR) are not authorized. 
18. The UA may not be operated less than 500 feet below or less than 2,000 feet 
horizontally from a cloud or when visibility is less than 3 statute miles from the PIC. 
19. If the UAS loses communications or loses its GPS signal, the UA must return to a pre-
determined location within the defined operating area.  
20. The PIC must abort the flight in the event of emergencies or flight conditions that could 
be a risk to persons and property within the operating area.  
21. The PIC is prohibited from beginning a flight unless (considering wind and forecast 
weather conditions) there is enough available power for the UA to conduct the  intended 
operation and to operate after that for at least five minutes or with the reserve power 
recommended by the manufacturer if greater than five minutes. 
22. Documents used by the Proponent to ensure the safe operation of the UAS and any 
documents required under 14 CFR § Part 91.9 and Part 91.203 must be available to the 
PIC at the UAS Ground Control Station any time the aircraft is operating. These 
documents must be made available to the Administrator or any law enforcement official 
upon request. 
23. The UA must remain clear and give way to all manned aviation operations and activities 
at all times. 
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24. The UAS may not be operated by the PIC from any moving vehicle unless the 
government entity conducting PAO has determined that such operations can be 
conducted without causing undue hazard to persons or property and has presented such 
safety procedures to the FAA. Safety procedures include, but not limited to, emergency 
procedures, lost link procedures, and consideration of terrain and obstructions that may 
restrict the ability to maintain visual line of sight. Operations must also comply with all 
applicable federal, state and local laws pertaining to operations from a moving vehicle. 
25. All flight operations must be conducted at least 500 feet from all nonparticipating    
persons, vessels, vehicles, and structures. 
 
III.  AIR TRAFFIC CONTROL SPECIAL PROVISIONS 
 
A. Coordination Requirements. 
1. Compliance with Standard Provisions, E. Notice to Airmen (NOTAM) satisfies the 
coordination requirement. Operator must cancel NOTAMs when UAS operations are 
completed or will not be conducted. 
2. Coordination and de-confliction between Military Training Routes (MTRs) is the 
Proponent’s responsibility. When identifying an operational area, the Proponent must 
evaluate whether an MTR will be affected. In the event the UAS operational area 
overlaps (5 miles either side of centerline) an MTR, the operator will contact the 
scheduling agency in advance to coordinate and de-conflict. Approval from the 
scheduling agency is not required.  
B. Communication Requirements. 
When operating in the vicinity of an airport without an operating control tower the PIC will 
announce operations on appropriate Unicom/CTAF frequencies alerting manned pilots of 
UAS operations. 
C. Flight Planning Requirements. 
This COA will allow small UAS (55 pounds or less) operations during daytime VMC   
conditions only within Class G airspace under the following limitations:  
1. At or below 400 feet AGL, and 
2. Beyond the following distances from the airport reference point (ARP) of a public use 
airport, heliport, gliderport, or water landing port listed in the Airport/Facility Directory, 
Alaska Supplement, or Pacific Chart Supplement of the U.S. Government Flight 
Information Publications: 
a. 5 nautical miles (NM) from an airport having an operational control tower, or 
b. 3 NM from an airport having a published instrument flight procedure, but not 
having an operational control tower, or 
c. 2 NM from an airport not having a published instrument flight procedure or an 
operational control tower, or 
d. 2 NM from a heliport. 
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3. The PIC is responsible for identifying the appropriate ATC jurisdiction nearest to             
the area of operations defined by the NOTAM.  
D. Procedural Requirements. 
This COA authorizes the Proponent to conduct UAS flight operations strictly within a 
“defined operating area” as identified under the required provision of Section E. Notice to 
Airmen (NOTAM) of this COA. 
1. A “defined operating area” is described as a location identified by a Very High 
Frequency Omnidirectional Range (VOR) Radial/Distance Measuring Equipment 
(DME) fix. This location must have a defined perimeter that is no larger than that where 
visual line of sight with the UA can be maintained and a defined operational ceiling at 
or below 400’ Above the Ground (AGL). 
2. UAS operations must remain within this “defined operating area”. The Proponent will 
discover and manage all risks and associated liabilities that exist within the defined 
operating area and all risks must be legitimately mitigated to assure the safety of people 
and property.  
3. The UAS must remain within visual line of sight of the PIC and/or VO(s) at all times. 
The PIC and VO(s) must be positioned such that they can maintain sufficient visual 
contact with the UA in order to determine its attitude, altitude, and direction of flight. 
The PIC is responsible to ensure that the UA remains within the defined operating area. 
“Out of Sight”, or “Behind the Obstruction” flight operations are prohibited. 
E. Emergency/Contingency Procedures. 
1. Lost Link Procedures: 
a. In the event of lost link, the UA must initiate a flight maneuver that ensures timely 
landing of the aircraft. Lost link airborne operations shall be predictable and the UA 
shall remain within the defined operating area filed in the NOTAM for that specific 
operation. In the event that the UA leaves the defined operating area, and the flight 
track of the UA could potentially enter controlled airspace, the PIC will immediately 
contact the appropriate ATC facility having jurisdiction over the controlled airspace 
to advise them of the UASs last known altitude, speed, direction of flight and 
estimated flight time remaining and the Proponent’s action to recover the UA.   
b. Lost link orbit points will not coincide with the centerline of published Victor 
airways. 
c. The UA lost link flight track will not transit or orbit over populated areas. 
d. Lost link programmed procedures must de-conflict from all other unmanned 
operations within the operating area.  
2. Lost Visual Line of Sight: 
If an observer loses sight of the UA, they must notify the PIC immediately. If the UA is 
visually reacquired promptly, the mission may continue. If not, the PIC will immediately 
execute the lost link procedures. 
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3. Lost Communications: 
If communication is lost between the PIC and the observer(s), the PIC must immediately 
execute the lost link procedures.  
 
IV. AUTHORIZATION 
 
This Certificate of Waiver or Authorization does not, in itself, waive any Title 14 Code of 
Federal Regulations, nor any state law or local ordinance. Should the proposed operation 
conflict with any state law or local ordinance, or require permission of local authorities or 
property owners, it is the responsibility of the University of Illinois at Urbana-Champaign to 
resolve the matter. This COA does not authorize flight within in Restricted Areas, Prohibited 
Areas, Special Flight Rule Areas or the Washington DC Federal Restricted Zone (FRZ) 
without pre-approval. The University of Illinois at Urbana-Champaign is hereby authorized to 
operate the Unmanned Aircraft System in the National Airspace System. 
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Mishap Report Document: 
 
 
Date:__________________  Local Time:__________________ 
 
 
Name of Person Reporting Mishap:______________________________________________ 
 
 
Contact Phone Number:_________________________________ 
 
 
Pilot in Command (if different than person reporting):_________________________________ 
 
 
Visual Observer:_________________________________ 
 
 
Location of Mishap:______________________________________________________ 
 
Brief Description of Mishap: 
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
Note any Injuries Sustained: 
 
______________________________________________________________________________ 
 
Note any Damage to Property: 
 
______________________________________________________________________________ 
 
Note any Damage to the UAS: 
 
______________________________________________________________________________ 
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Chronological Call/Event Log: 
 
Time Call/Event 
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